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Abstract

Myocardial infarction (MI) leads to permanent loss of cardiac muscle due to the
limited regenerative potential of the mammalian heart. The affected heart muscle is replaced
by a fibrotic scar; however, the scar is not able to offset the increase in wall stress placed on
the remaining myocardium. This distending pressure can lead to dilative remodeling of the
ventricle, progressive loss of cardiac function, and heart failure. Despite current medical
therapy, heart failure continues to have a high mortality rate. Therefore, there is a clinical
need for treatments that can both improve cardiac function post-MI and reduce ventricular
remodeling to prevent progression to heart failure.

Injectable biomaterials aim to provide a scaffold to stimulate infarct repair by
mimicking the healthy cardiac extracellular matrix (ECM). The ECM plays a critical role in
tissue regeneration but after a M1 it is pathologically modified. Injection of biomaterials post-
MI can provide a scaffold that better stimulates infarct repair. In this study, hydrogels were
developed from recombinant human type I and type III collagen (rHCI and rHCIII), the two
most prevalent structural proteins in the cardiac ECM. Injection of rHCI and rHCIII
hydrogels in a mouse model of MI improved cardiac function and reduced infarct size 28
days post-treatment. Infarcted hearts treated with rHCI exhibited improved myocardial
salvage in the region bordering the scar with improved capillary density. rHCI hydrogel was
also superior to rHCIII in reducing ventricular remodeling.

The injection of rHCI hydrogel into the border zone post-MI resulted in an acute
improvement of contractile function two days after treatment that was maintained long-term.
At two days post-injection, rHCI treated animals had reduced apoptotic cardiomyocytes and
lower levels of oxidative stress. Methylglyoxal modifies and crosslinks collagen in the ECM,

leading to oxidative stress. Two days after injection, the rHCI hydrogel at the epicardial
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surface was modified by methylglyoxal, while methylglyoxal-derived advanced glycation
end-product levels in the underlying myocardium were lower than in control animals. It
appears that rtHCI hydrogel injection is soaking up free methylglyoxal from the myocardium,
reducing levels of oxidative stress in cardiac muscle and improving contractility of
cardiomyocytes bordering the scar. These results suggest that rHC therapy is a promising

approach to improve cardiac contractility, and limit ventricular remodeling post-MI.
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Chapter 1: Introduction
1.1 Heart Failure after Myocardial Infarction

Coronary heart disease (CHD) remains one of the leading causes of death globally,
accounting for 20% of the yearly deaths in Canada'. CHD results from build up of plaque
inside coronary arteries, which supply the myocardium with oxygenated blood’>. CHD
increases the risks for the formation of a blot clot, thrombosis, within the coronary artery.
Thrombosis of the coronary arteries can cause an acute myocardial infarction (MI)?. An MI
occurs when blood flow to the myocardium is obstructed and results in cardiomyocyte death,
scar formation and loss of contractile function?. The prevalence of MI in Canada is 2.0% and
is increasing as the population ages, although the 30-day death rate is declining over the past
decade to 12.1% of patients'**. The reduction in early deaths post-MI is due in part to the
increase in timely revascularization strategies that restore blood flow to limit cardiac muscle
loss*. The regenerative potential of the human heart is limited and insufficient to replace the
cardiac muscle that is lost post-MI°. As a result, many patients with MI, 14-36% based on
the clinical studies, will develop systolic heart failure that leads to worse clinical outcomes
including higher levels of hospitalization and death®’. Heart failure is a condition is which
the heart is no longer able to pump out enough oxygenated blood to meet the demands of the
body®. Systolic heart failure after an MI is often characterized by declining heart function,
dilated ventricle chambers, peripheral edema, and fatigue®. While current guideline directed
medical therapy (GDMT) for heart failure can reduce the decline in cardiac function to
improve survival, the improvements in outcomes are leveling off with time and the 5-year
mortality rate remains high at 50%”!°. Heart failure is a chronic condition which at its end-
stage can only be treated with heart transplantation, and there are not enough donor hearts to

meet the demand'’. Heart failure is the leading cause of hospitalization in Canada, the United
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States, and Europe!"'?. Due to the growing age of the population in Canada, the number of
patients with heart failure is expected to increase over the next decade and the costs of heart
failure hospitalization are expected to reach $720 million in Canada by 2030"!%!3_ Therefore,
there is a clinical need to develop new therapeutic options to prevent the progression to heart

failure following ML

1.2 Wound Healing after Myocardial Infarction

During an M1, loss of blood flow to an area of the myocardium for more than 15-20 min
leads to irreversible loss of cardiomyocytes'*. The regenerative and proliferative potential of
human cardiomyocytes is not sufficient to replace lost cardiac muscle post-MI>!*. Therefore,
wound healing post-MI results in the formation of a fibrotic scar to prevent ventricular
rupture during contraction and to stabilize cardiac function'®!”. The formation of a mature
collagen scar takes 2-3 weeks in rodent models, 4-6 weeks in larger animal models (such as
dogs, pigs, and rabbits), and 3-6 months in humans'’. There are three distinct but overlapping
phases of wound healing post-MI: the inflammatory phase (also called the necrotic phase),

the proliferative phase, and the maturation phase'® (Figure 1.1).
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Figure 1.1. Phases of wound healing after myocardial infarction. Following the loss of blood
flow during myocardial infarction there is a 3-phase wound healing process to remove
necrotic cardiomyocytes and form a collagen scar. These phases occur sequentially as:
inflammatory, proliferative, and maturation phases of infarct healing. Abbreviations:
extracellular matrix (ECM), tumor necrosis factor a (TNF-a), interleukin 6 (IL6),
transforming growth factor B (TGF-B), vascular endothelial growth factor (VEGF),
angiotensin II (Ang2), interleukin 10 (IL10), and chemokine ligand 2 (CCL2). Created with
BioRender.com



1.2.1 The Inflammatory Phase of Wound Healing Post-MI.

The inflammatory phase begins within the first day of an MI and ends within 3 days in
mice and 7 days in humans'®!?. In the early stages of MI, loss of oxygenated blood to cardiac
muscle leads to: loss of oxidative phosphorylation in affected cells, a decrease in adenosine
triphosphate (ATP) production, and accumulation of Na*/Ca?" ions in the cytosol and the
mitochondria'®. This creates an infarct region with high levels of necrosis and apoptosis'®.
The levels of neurohormonal activation and oxidative stress in the heart are immediately
increased following an MI?**', Neurohormonal activation involves an increase in
norepinephrine and angiotensin II levels within the heart??. This is triggered by loss of blood
volume from impaired contractile function??. Angiotensin II (Ang2) in particular, leads to an
increase in inflammatory cytokine and chemokine production as well as an increase in
reactive oxygen species (ROS) through increased nicotinamide adenine dinucleotide
phosphate oxidase 2 (Nox2) activity?!?2, ROS including: the superoxide radical-ion, peroxyl
radicals, hydrogen peroxide, and hydroxyl radicals, are also produced during ischemia from
electron leakage from the mitochondrial electron transport chain (ETC)?. These ROS species
can irreversibly modify protein activity and damage nucleic acids?*. Elevated ROS lead to
an increase in inflammation, activation of latent matrix metalloproteinases (MMPs) that
degrade the extracellular matrix (ECM), cardiomyocyte hypertrophy, and cell death?!23-26,
During the inflammatory phase, a sterile inflammatory response is triggered by damage
associated molecular patterns (DAMPs) such as necrotic cardiomyocyte debris, degraded
ECM peptides, and heat shock proteins (HSP60)?"*%. These ligands bind to pattern
recognition receptors (PRRs) on local inflammatory cells, including toll-like receptors
(TLRs) and receptor of advanced glycation end products (RAGE)!®. Binding of DAMPs to

PPRs leads to upregulation of transcription factors mitogen activated protein kinase (MAPK)
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and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)'®. The result is
an upregulation of cytokine and chemokine production within the infarction region and
recruitment of leukocytes from the circulation?. CC chemokines recruit lymphocytes, while

CXC chemokines recruit neutrophils to the ischemic zone!8303!

. Critical inflammatory
cytokines produced in the infarct include: tumor necrosis factor alpha (TNF-a), interleukin
(IL) 6, and IL-1'8, The primary goal of the inflammatory phase post-MI is to clear to infarct
region of necrotic cells and debris in order to facilitate scar formation. Neutrophils are the
main phagocytic cell that clear dying cells and debris at this time point; they also secrete
MMPs that breakdown the collagen ECM?°. Neutrophils invade the heart tissue through leaky
vasculature within the first day of MI and peak by day 3 post-MI in mice*>*. In addition,
Ly6C" monocytes are recruited from the circulation and splenic reservoirs through
chemokine ligand 2 (CCL2) /chemokine receptor 2 (CCR2) signaling**. Once in the heart,
Ly6C" monocytes contribute to the inflammatory and phagocytic response in part by
differentiating into M1 (CCR2") macrophages that secrete inflammatory mediators'®**, TNF-
a and vascular endothelial growth factor (VEGF) increase vascular permeability and
facilitate the formation of a provisional matrix from the extravasated proteins fibrin and
fibronectin'*,
1.2.2 The Proliferative Phase of Wound Healing Post-MI

The proliferative phase follows the inflammatory phase post-MI and lasts up to day 14
post-MI in mice and 28 days post-MI in humans'®!°. The proliferative phase involves the
resolution of inflammation, collagen scar formation, and angiogenesis'®. Neutrophil
apoptosis leads to anti-inflammatory M2 macrophage polarization, peaking at 5 days post-

MI in mice, and restoration of the resident macrophage population begins**->%. The

predominant monocyte subtype also becomes the non-classical Ly6C CCR2" cell through
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differentiation of Ly6C" monocytes within the heart and recruitment from the circulation®*7,

The M2 macrophages and non-classical monocytes secrete anti-inflammatory/pro-resolution
factors including IL10 and transforming growth factor B (TGF-B)*®. Finally, regulatory T-
cells expressing forkhead box P3 (FOXP3) peak at 7 days post-MI and are critical for M2

macrophage differentiation and resolution of inflammation in the infarct®

. Angiogenesis
begins 4 days after infarction and peaks within 14 days, leading to vascularization of the
infarct and the restoration of nutrient flow to improve healing*®*'. Endothelial cells
proliferate in the region of the myocardium bordering the infarct, increasing blood vessel
formation and nutrient flow*?. Resident fibroblasts and differentiated epicardial progenitor
cells transform into myofibroblasts in response to TGF-B beginning at 4 days post-MI in
mice* . Myofibroblasts express contractile protein alpha smooth muscle actin (aSMA) and
secrete collagen*®. Collagen expression from myofibroblasts is also stimulated by Ang2
binding to type I angiotensin II receptors (ATR), further increasing fibrosis**. MMP
expression is reduced, and tissue inhibitor of metalloproteinase (TIMP) expression
predominates in the proliferative phase transitioning from net ECM degradation to
synthesis?®*’. The fibronectin provisional matrix is replaced by type III (expression elevated
day 2 to 3 weeks) then type I collagen (expression elevated day 4 to 3 months) by
myofibroblasts*’. Type I collagen provides the tensile strength required to stabilize the infarct
scar'®. The collagen expression plateaus at 7 days post-MI in mice and 3 weeks post-MI in
humans'®. Matricellular proteins, such as tenascin C, and collagen V play a role in confining
fibrosis to the infarct zone and not extending into the bordering myocardium®>*®. During the
proliferative phase, Ang2, ROS, and wall stress stimulate myocyte hypertrophy through

increased synthesis of the sarcomere contractile unit within the cardiomyocytes?*+*->°,



1.2.3 The Maturation Phase of Wound Healing Post-MI

The final phase of wound healing post-MI, the maturation phase, lasts out to 28 days
post-MI in mice and 56 days post-MI in humans'®!°. Collagen continues to accumulate in
the infarct region and the infarct matures through crosslinking, contraction by
myofibroblasts, and loss of cellular density'®. Myofibroblasts within the infarct region either
undergo apoptosis or differentiate into matrifibrocytes expressing tendon genes®!. Collagen
fibers are crosslinked to improve mechanical strength of the infarct region, including
enzymatic crosslinks through lysl oxidase (LOX) and non-enzymatic crosslinks through
AGE adducts that build up on collagen due to oxidative stress®>>. In the myocardium
bordering the infarct and the remote myocardium, hypertrophy increases, blood vessel
density declines, and there is an increase in fibrosis*>. Fibrosis is classified as either
replacement or reactive fibrosis. Replacement fibrosis occurs to replace apoptotic
cardiomyocytes; myocyte apoptosis occurs at consistent low rate in the remote and
borderzone myocardium during the maturation phase>. Reactive fibrosis is the accumulation
of collagen fibers in the ECM without cell loss due to overactive fibrotic signaling of TGF-
B and Ang2 in the myocardium®®. Formation of the collagen scar post-MI provides
mechanical stabilization to the infarcted heart wall but is often insufficient to maintain
contractile function post-MI'°. Pathological remodeling of the myocardium begins during the
wound healing process and continues post-MI, leading to progressive loss of cardiac function
and heart failure®®. Therefore, improving infarct repair and wound healing post-MI is a

critical therapeutic opportunity to prevent heart failure progression.



1.3 Ventricular Remodeling and Progression to Heart Failure

1.3.1 Increased Wall Stress Post-MI Stimulates Dilative Ventricular Remodeling

Dilative remodeling of the left ventricle (LV) impairs contractile function post-MI, and
can lead to systolic heart failure and death®. This ventricular remodeling is marked by: an
increase in LV volume, hypertrophy of cardiomyocytes, thinning of the infarcted LV wall,
fibrosis in the remote myocardium, and progressive loss of contractile function®’. The extent
of dilative ventricular remodeling increases with time and is proportional to the size of the
infarct region and the level of LV wall stress®®. Ventricular remodeling is exacerbated by
compensatory mechanisms, such as neurohormonal activation and myocyte hypertrophy,
which are activated post-MI to maintain blood volume?’. The loss of cardiac muscle
following MI impairs the contractile function of the LV myocardium, which is responsible
for delivering oxygenated blood to meet the metabolic demands of the body. Neurohormonal
signaling is activated in response to the sudden drop in cardiac function post-MI. This can be
detected by a drop in blood pressure or volume, but is also activated in response to hypoxia,
increased metabolic demand, and increased stress on cardiomyocytes??. The neurohormonal
response post-MI can help to maintain of stroke volume (SV) and cardiac output (CO), which
are the volumes of blood pumped out of the heart per beat and per minute, respectively??.
The two neurohormonal pathways upregulated post-MI are the sympathetic nervous system
through norepinephrine/p-adrenergic receptor signaling, and the renin-angiotensin-
aldosterone (RAAS) system, that results in an increase in Ang2 signaling within the
myocardium®®, B-adrenergic receptor stimulation leads to increases in heart rate and
contractility, while RAAS activation leads to sodium resorption in the kidney, and

vasoconstriction that elevates blood volume and the filling pressures in the LV?2. In response



to elevated filling pressures and the reduction in oxygenated blood being pumped out of the
heart, the LV will dilate to increase CO through the Frank Starling mechanism*’. Dilation
can lead to increased contractile force as myocyte stretching allows for more optimal overlap
of contractile proteins. However, this compensatory mechanism can be overwhelmed post-
MI. The dilation of the LV becomes progressive and reduces contractile function due to
elevation of wall stress®®. As described by the law of Laplace, wall stress in the LV is
proportional to cavity radius and wall thickness. Thereby, dilation of the LV and thinning of
the LV wall post-MI leads to increases in wall stress that begets more dilation and thinning
of the LV myocardium®. Dilation is measured as the volume at the end of the relaxation or
filling phase of the cardiac cycle, diastole, and at the end of the contraction phase of the
cardiac cycle, systole (EDV and ESV, respectively)®!. Both measurements are increased
through ventricular remodeling™®. SV is the difference between EDV and ESV, while CO is
the produce of SV and heart rate®!. Compensatory mechanisms post-MI increase LV filling
and EDV leading to improved SV and CO®. Left ventricular ejection fraction (LVEF), which
is the percentage of blood pumped out of the LV per beat, remains unchanged and is reduced
in patients that develop systolic heart failure’®. EDV, LVEF and ESV are significant
predictors of survival post-MI and therapies that aim to reduce ventricular remodeling

improve these measurements®>%,

1.3.2 Early Infarct Expansion and Late Dilative Remodeling Post-MI

Clinically, there are two main types of ventricular remodeling: early infarct expansion,

which occurs within 4 days of an MI, and late dilative remodeling that can continue for

I65

months to years post-MI™ (Figure 1.2A). Infarct expansion occurs during the inflammatory

phase of wound healing, prior to the deposition of the collagen scar!”. MMP activation by



leukocytes and ROS in the infarct region degrades the ECM, which is the main structural

support for the LV wall®®

. The distending pressure of blood on the infarcted LV wall induces
myocyte slippage, infarct thinning and LV dilation®’. The thin infarct region leads to greater
wall stress and increases the likelihood of infarct rupture®®. Past the acute phase of infarct
expansion, late dilative remodeling occurs in more than 40% of patients'’. Elevated wall
stress leads to progressive LV dilation and mechanical coupling of the borderzone
myocardium to the infarct region, furthering contractile dysfunction'®®®. The infarct
borderzone refers to the region of the myocardium adjacent to the scar. The scar tissue
behaves as a passive elastic material during myocardial contraction and either shows minimal
displacement or paradoxical bulging at end systole!®. Contractile force of the borderzone
myocardium can be lost in lengthening the infarct region’®. The borderzone myocardium has
59,69

depressed shortening compared to more remote regions and higher levels of wall stress

The extent of the contractile dysfunction extends to more remote regions over time’".
1.3.3 Cellular and Molecular Hallmarks of Ventricular Remodeling

Ventricular remodeling also refers to the cellular and molecular changes that occur in the
LV post-MI (Figure 1.2B). The myocardium of failing hearts has elevated levels of
cardiomyocyte hypertrophy, apoptosis, and contractile dysfunction®. Isolated
cardiomyocytes from heart failure patients show reduced contractility and poor calcium
handling’?. Myocardial contractility is determined by the association of actin and myosin
filaments within the sarcomeres of cardiomyocytes®’. An increase in cytosolic calcium,
released from the sarcoplasmic reticulum, can increase contractility. However, sustained
calcium elevation through Ang2 or ROS stimulation can stimulate calcium insensitivity,

hypertrophy, and apoptosis in cardiomyocytes’>. The contractility of cardiomyocytes is also
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reduced in heart failure by altering the phosphorylation state and increasing glycosylation of
sarcomeric proteins®®’#7>. Elevated wall stress in the remaining myocardium leads to greater
energy demand and metabolic dysfunction®. In heart failure, the production of ROS
overwhelms cellular redox capability and antioxidant defense systems, leading to oxidative
stress’. ROS react with proteins through, for example, S-nitrosylation, causing nucleic acid
damage, and lipid peroxidation’’. These ROS adducts can lead to altered protein activity, loss
of mitochondrial membrane potential, modification of contractile proteins, calcium overload,
and cardiomyocyte apoptosis’!. For example, the lipid peroxidation product, 4-
hydroxynoneal (4HNE), increases cardiomyocyte hypertrophy and apoptosis post-MI; and
this contributes to a reduction in contractile function and increased LV dilation”®”°. An
elevated level of cardiomyocyte apoptosis leads to progressive cardiomyocyte dropout that
contributes to declining contractile function®®. These lost myocytes are replaced by reparative
fibrosis. In failing hearts, cardiomyocytes also exhibit hypertrophic growth by parallel
replication of contractile units®!. In dilative remodeling, cardiomyocyte hypertrophy does not
increase LV wall thickness to offset wall stress and reduces contractility*. Elevated Ang2
levels contribute to cardiomyocyte hypertrophy in addition to increasing collagen production
from myofibroblasts leading to fibrosis and elevating levels of oxidative stress*?. In myocytes
experiencing elevated mechanical stress, there is also re-activation of the fetal gene program
with the consequence of reducing contractility®>33. Finally, chronic inflammation is also
detected in heart failure patients with elevated levels of inflammatory cytokines IL-6, TNF-
0, and interferon-y®*. Persistent inflammation not only adds oxidative stress but can lead to
persistent elevation of MMPs which can degrade the myocardial ECM and contribute to LV

dilation'®%3,
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Figure 1.2. Ventricular remodeling leads to heart failure post-myocardial infarction. A) The
increase in wall stress following cardiac muscle loss from myocardial infarction leads to
dilation and thinning of the left ventricle. The dilated left ventricle has reduced cardiac
function and results in systolic heart failure. B) Progression to systolic heart failure has
several hallmarks including: sustained neurohormonal activation, elevated inflammatory
cytokine production, myocyte dropout through apoptosis, and high levels of oxidative stress.
(A) Reproduced with permission from Jessup, M., and Borenza, S. (2003). Heart Failure. N
Engl J Med 348, 2007-2018%. Copyright Massachusetts Medical Society. (B) Reproduced
with permission from McMurray, J. (2010). Systolic Heart Failure. N Engl J Med 362, 228-

238%. Copyright Massachusetts Medical Society.
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1.3.4 Current Therapies that Improve Survival by Limiting Ventricular Remodeling

Post-MI

Therapies that improve survival and reduce heart failure post-MI aim to reduce
ventricular remodeling®*. The first aim is to reduce scar size through timely revascularization
procedures, such as percutaneous coronary intervention (PCI)®. Restoration of blood flow in
the infarct-related coronary artery can salvage viable myocardium and leads to the greatest
functional recovery if completed within ~90 minutes post-MI®. Timely revascularization
reduces scar size, limits infarct expansion, reduces LV dilation, and improves survival®.
However, PCI can also be effective to salvage hibernating myocardium in patients that are
delayed more than 90 min in receiving treatment post-MI**°!. One limitation of
revascularization therapy is that, based on US data, only 48.9% of patients arrive at hospital
within 2 hours of MI and about 23% of MIs are silent'’. Silent MIs result in patients that only
access medical care when experiencing symptoms of heart failure. The 30-day mortality rate
is greater for patients that receive late revascularization compared to those that received PCI
within 90 minutes'’. In addition, revascularization results in ischemia reperfusion (I/R) injury
that induces cardiomyocyte death and can account of 50% of the final scar size®. I/R causes
the rapid restoration of oxygenated blood flow to the ischemic myocardium. This leads to

myocardial salvage but also increases ROS and impairment of the microcirculation®?.

Survival post-MI is also improved by the use of GDMT anti-remodeling drugs such as
angiotensin converting enzyme (ACE) inhibitors and B-adrenergic receptor blockers®. Both
types of drugs reduce the neurohormonal activation post-MI, lower wall stress, and limit LV

dilation®*3. ACE inhibitors prevent conversion of angiotensin 1 to Ang2, resulting in lower
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distending pressure on the LV wall by lowering blood volume®*3. Additional benefits can
be attributed to the reduction in fibrotic and hypertrophic signaling of Ang2®®. Anti-
remodeling drugs improve cardiac function (LVEF), reduce ESV/EDV, and reduce the risk
of all cause mortality post-MI°. The increased use of early revascularization and GDMT has
helped reduce the 30-day mortality rate post-MI from 20% to 12.4% over the past 20 years'’.
However, the progression to heart failure post-MI and 5-year mortality rate remains high!°.
GDMT can lead to cardiac functional recovery, ~10% improvement in LVEF, in one-third

of heart failure patients’®"’

. However, this recovery is transient with only partial
normalization of gene expression for pathways involved in oxidative stress and
cardiomyocyte contractility®®. This GDMT-based remission in heart failure begins to decline

after 8 years and could explain some of the modest outcomes in long-term survival post-

MI9,98,99

The success of current clinical therapies to improve survival post-MI indicate that
myocardial salvage, reduction of LV wall stress, and limiting LV dilation can lead to
improvement in cardiac function and a reduction ventricular remodeling. However,
additional therapies are required to improve long-term survival, reduce progression to heart
failure, and improve heart failure symptoms. Hallmarks of ventricular remodeling that have
not been targeted by current therapies include: chronic inflammation, oxidative stress, and
ECM remodeling'*. Clinical trials for antioxidants and anti-inflammatory therapies have thus
far been unsuccessful'*. Anti-remodeling therapies do not aim to restore the active or passive
properties of the LV that are lost post-MI, namely cardiomyocytes and the healthy ECM>2.
Tissue engineering strategies present a promising opportunity to replace lost myocardium or

100

stimulate endogenous regeneration and improve infarct repair . While regeneration of lost
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cardiomyocytes has been explored with stem cell therapy, another tissue engineering strategy

uses biomaterials to restore the healthy ECM and reverse ECM remodeling post-MI.

1.4 Pathological Remodeling of the Extracellular Matrix after Myocardial Infarction
In addition to providing structural support for the myocardium, the cardiac ECM plays a
critical role in cardiac regeneration and repair. The ECM provides topographical cues to
stimulate cellular homing and organization. This was demonstrated by Ott et al. when they
showed that the reseeding of decellularized healthy ECM with cardiac cells led to formation
of functional cardiac constructs!®!. In response to MI, heart failure or other cardiomyopathies,
the cardiac ECM undergoes pathological remodeling that impacts heart structure and
function®?. For example, engineered heart tissue seeded on cardiac ECM from pigs with
hypertrophic cardiomyopathy have impaired contractile activity'%2. The cardiac ECM is also
implicated in cardiac regeneration during development. The adult cardiac ECM is less
permissive to cardiomyocyte proliferation by limiting cytokinesis'®. The stiffness of the
cardiac ECM, measured as Young’s modulus, increases during development from 12 kPa in
neonatal hearts to 39 kPa for adult hearts'®. The increase in stiffness of the cardiac ECM
parallels the loss of proliferative potential in cardiomyocytes and is inhibitory to

cardiomyocyte regeneration'®.

1.4.1 Structure and Function of the Healthy Cardiac ECM

ECM is a viscoelastic scaffold that maintains myofiber bundle alignment during
contraction, allows for optimal force development, and distributes this force evenly over the
LV wall*’. There are three layers to the ECM: the endomysium that surrounds individual

cardiomyocytes, the perimysium that surrounds groups of myocytes, or myofibrils, and the
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epimysium that surrounds the heart!%. The cardiac ECM is primarily composed of structural
proteins including: fibril forming collagens type I and type III as well as elastin®®. The fibril
forming collagens are predominant in the ECM, which is composed of 85% type I collagen
and 11% type III collagen'”. The ECM also contains non-structural proteins including:
matricellular proteins, non-fibrillar collagens, proteases, fibronectin, growth factors, and
proteoglycans®®. Glycosaminoglycans, such as chondroitin sulfate and heparin sulfate, are
also present in the ECM and provide hydration and structural support to the tissue'%®. Type I
collagen is the primary structural component of the cardiac ECM and forms the majority of
the ECM in the epimysium and perimysium, while type III collagen is mainly localized in
the endomysium surrounding the cardiomyocytes'%,

Type I and type III collagen are mainly synthesized by cardiac fibroblasts. Collagen
amino acid sequences are composed of repetitive sequences of glycine (GLY)-X-Y, where
X is commonly proline, and Y is commonly hydroxyproline'®. Post-translational
hydroxylation of proline is mediated by prolyl-4-hydroxylase'!?. Three alpha chains form a
triple helical domain that is stabilized by interchain hydroxyproline hydrogen bonding with

unfolded regions at each end of the helix!%

. Collagen precursors for type I collagen are two
al(I) and one a2(I) chain, while type III collagen has three identical a1(III) chains*2. These
procollagen monomers are secreted into the extracellular space. The unfolded ends of the
triple helix, named propeptides, are removed outside the cells and trigger spontaneous fibril
formation'®. Fibrils are supramolecular assemblies of monomers arranged in parallel but
staggered by one-quarter of their length (67 nm) '%°. Fibrils aggregate into fibers through lysl-
oxidase crosslink formation, which stabilizes and stiffens the growing fibers!!’. Type I

collagen forms thick rod-like fibers, whereas type III collagen fibers are shorter and finer

with greater elasticity®2. Collagen fibers have a non-linear stress-strain profile. Uncoiling of
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the coiled alpha helix structure requires little force but the fibers show greater resistance to

deformation once straight!!!

. Collagen fibers uncoil during diastolic filling but resist further
deformation. Collagen fibers in the perimysium run parallel to myofibrils and protect them
from being overstretched beyond the limits that the sarcomere can tolerate!%. The elasticity
of the ECM is also critical to allow for recoil during myocardial relaxation, or diastole, so as
not impair ventricular filling!'%®.

Collagen interacts with cells primarily by binding to integrin heterodimers, which are cell
membrane receptors!?. Integrins bind to specific recognition sequences, such as such as the
GFOGER and GLOGER peptides in collagen type I fibers'!?. Similar sequences have been

113

found in the C-terminal region of type III collagen””. Discoidin domain receptors also can

recognize collagen'®. Integrin receptors on cardiomyocytes and capillaries bind to collagen

in the endomysium, which maintains their alignment!%

. Myofibroblasts sense changes in
wall stress or myocardial stretch through integrin receptors and opening of stretch-gated ion
channels®. Myofibroblasts synthesize new ECM in areas of increased wall stress, parallel to
the direction of mechanical stretch!'*. Mechanical stress determines collagen organization
and alignment during ECM remodeling®®. Collagen is also deposited by myofibroblasts in
the infarct region parallel to the direction of mechanical stretch through mechnotransduction
in response to wall stress’!. Collagen deposition in the infarct region is necessary to prevent
rupture post-MI'®!?. Collagen content is not always correlated with stiffness during dilative
remodeling in the remote myocardium. Patients with end stage heart failure and dilated
ventricles can exhibit increased levels of collagen but low levels of crosslinked collagen in

the remote myocardium!®. This may be due in part to persistent inflammation, MMP

activation, and immature reparative fibrosis in end stage failing hearts*2.
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1.4.2 Pathological Modification of the Cardiac ECM

ECM remodeling post-MI is marked by MMP degradation of the healthy ECM, formation
of a dense, crosslinked infarct scar, and reparative fibrosis in the remote myocardium®. In
dilative heart failure collagen degradation by MMPs can overwhelm collagen synthesis!!>.
Macrophages and oxidative stress increased by mechanical stretch induce collagen
degradation and further dilation®?. Pathological ECM remodeling was characterized by
Perestrelo et al. using decellularized ECM from human heart failure patients that exhibited
dilative remodeling!'®. The ECM from these heart failure patients had aligned, compact, flat
collagen fiber bundles with reduced organizational complexity. Pathological remodeling of
the ECM disrupted cell homing, limited nutrient diffusion, and stimulated aSMA expression
in cardiac fibroblasts!!®. The ECM in patients with dilative heart failure had increased
collagen and proteoglycan content with a loss of perimysial-like fibers that were replaced by
a compact structure with straight collagen fibers. The interconnected honeycomb structure
of the healthy ECM is lost along with its organizational complexity'!®. The stiffness of the
ECM is three-fold lower in the remote myocardium of dilation heart failure patients with less
resistance to deformation!®.

In addition to these pathological modifications, the cardiac ECM accumulates crosslinks
through advanced glycation end products (AGEs) in response to elevated oxidative stress'!”.
AGEs were first characterized in diabetic patients with diastolic dysfunction and were found
to result in crosslinks that increased LV stiffness and limited LV filling!'®!!°. AGE levels
also correlate with the severity of systolic heart failure post-MI'2%!2! AGEs are formed from
non-enzymatic crosslinking of glucose or a reactive dicarbonyl, such methylglyoxal, to
terminal amines of lysine or arginine residues'!®. The initial product is a Schiff base which

rearranges into an Amadori product then finally a stable AGE'?’2. AGEs such as
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carboxymethyllysine (CML) are nearly irreversible, whereas the most prominent AGE,
methylglyoxal-derived hydroimidazolone 1 (MG-H1), has a shorter half-life of 2-3 weeks'??.
AGEs are cleared by proteolysis or the glyoxalase system in the presence of reduced

122

glutathione ~“. A primary target for AGE formation is collagen, as it has a half-life 10 times

123 AGEs stimulate inflammation, ROS production,

longer than other myocardial proteins
apoptosis, and reduce cellular adhesion to the ECM 24126 AGEs can also reduce progenitor
recruitment and homing for therapeutic cell delivery'?”'?®, In mice with MI, MG is
upregulated withing 6 hours of infarction and methylglyoxal-modified collagen remained
upregulated for 28 days>. MG-H1 levels were associated with reduced cardiac function and

I}, MG-H1 modification of myocardial contractile proteins

cardiomyocyte apoptosis post-M
has also been linked to reduced contractility in diabetic patients with heart failure’. In
patients with systolic heart failure, AGEs induce: ROS, cardiomyocyte death, replacement
fibrosis, and NFkB pro-inflammatory pathways'%.

Current clinical therapies to reduce heart failure post-MI, namely revascularization and
neurohormonal blockade, improve heart function but disrupt the collagen matrix!’. The
pathological modification of the ECM contributes to impaired mechanical support and infarct

repair post-MI. Therefore, therapies that restore the healthy ECM post-MI could lead to

improved infarct repair and limit LV dilation to prevent the progression to heart failure.

1.5 Tissue Engineering for Cardiac Repair

Tissue engineering was originally described as “an interdisciplinary field that applies

the principles of engineering and the life sciences toward the development of biological
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substitutes that restore, maintain, or improve tissue function””". Tissue engineering
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strategies use a combination of stem or progenitors cells, growth factors, and/or an ECM
scaffold to develop tissue constructs for organ repair'®!. Tissue engineering strategies for
cardiac repair post-MI aim to develop biomaterials that: provide mechanical support for the
infarct tissue, improve infarct healing, and regenerate vasculature and cardiomyocytes'.
The end goal is the improvement of cardiac function and the limitation of ventricular
remodeling post-MI to prevent heart failure. The ideal biomaterial therapy would be a full
thickness cardiac graft which could replace the infarct scar with functional heart muscle.
Considerable preclinical progress has been made in generating cardiac grafts using induced
pluripotent human stem cells (iPSC) grown in bioreactors with growth factors and ECM
scaffolds'3?. There are limitations to thickness imposed by limited blood supply for the graft
in vivo, however with improved bioreactors, full thickness grafts are currently being tested
in large animals of MI'3*!3_ The limitations still persist in the functional and electrical
integration of the grafts within the remaining myocardium post-MI, and arrythmias can

occur'3*. The risk of tumorgenicity is also present with pluripotent stem cells'*?

. Despite the
pre-clinical progress in developing cardiac grafts, they have yet to be translated to clinical

trials.
1.5.1 Stem Cell Therapy to Improve Cardiac Function After Myocardial Infarction

In clinical trials, stem cell delivery to the infarct region has been the most prevalent
tissue engineering strategy. Originally, allogenic progenitor cells isolated from patient bone
marrow were delivered to the heart post-MI in an attempt to promote angiogenesis and
revascularize the infarct region'3>!%, Pre-clinical studies in animal models of MI showed
promising results with improvement in LVEF and reduction of scar size and ventricular
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volumes with stem cell injection'*’. However, clinical trial results have been mixed'*®. The
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injection of stem cells was safe and could be completed in a minimally invasive manner using

a catheter to deliver cells through the infarct related coronary artery!'®®

. Meta analyses of
clinical trials for stem cell therapy post-MI showed significant but modest increase in LVEF
(~3% change from placebo) when injected less than 14 days post-MI and following up more
than 3 months later'*®. This resulted in significant reduction in the risk of mortality and

140 However, individual trial results are variable with 7 trials

hospitalization for heart failure
showing a 7.2% increase in LVEF at 6-month follow-up and 14 trials showing no effect of
stem cell therapy on cardiac function'*!. In addition, the two most recent randomized,
controlled clinical trials for stem cell therapy post-MI, BAMI and ALLSTAR, did not show
a significant effect of treatment on primary outcomes, which were improved survival and

infarct scar size reduction, respectively'4>!43,

Critical limitations to bone marrow or myocardium derived progenitor cell injection
post-MI are that they exhibit minimal engraftment in the heart and do not appreciably
differentiate into new cardiomyocytes or vasculature'*. About 0.1% to 10% of cells are
retained within the infarct a few weeks post-injection'*®. The cells that do have more
favorable engraftment, skeletal myoblasts, and human iPSC (pre-clinical models), form
isolated myocyte islands in the infarct and led to an increased risk of arrythmia in patients
due to poor electrical and functional integration with the myocardium'**!#>, Minimal cell
engraftment is due to wash out from the beating heart post-injection and apoptosis of cells in
the harsh microenvironment of the infarct region'*®!4’. The majority of the benefits of cell
therapy are derived from a paracrine response to cell injection'*®. The paracrine hypothesis
was initially proposed when conditioned media from mesenchymal stem cells resulted in a

similar improvement in cardiac function post-MI compared to cell injection'*. Stem cells
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secrete growth factors, miRNAs, and exosomes, and interact with the immune system to:
reduce inflammatory cytokine signaling, improve cardiomyocyte contractility, induce
angiogenesis, promote cardiomyocyte proliferation, and limit fibrosis'>*"!3, Understanding
the role of paracrine signaling in stem cell therapy mediated improvement of cardiac function
has led to a trend towards utilizing acellular materials, such as: exosomes, growth factors, or

biomaterials, to improve cardiac function post-MI'%%144,

1.5.2 The Emergence of Biomaterials for Cardiac Repair to Improve Stem Cell

Retention

Biomaterials that mimic the healthy cardiac ECM, such as epicardial patches or
injectable hydrogels, were originally used to improve retention of therapeutic stem cells post
injection'*’. Biomaterials are engineered materials that aim to interact with the body to

restore function or promote repair of damaged tissue'>*

. Biomaterials can protect cells from
the pathologically remodeled ECM environment in the infarct region. Pathologically
modified ECM post-MI can reduce cell engraftment, cause anoikis (death from cell

detachment), and elevate oxidative stress, inflaimmation, and apoptosis'?’.

Preclinical
evaluation of stem or progenitor cells embedded in patches, injectable hydrogels, or
cocooned in micelles showed benefits of combined therapy!'>>~'9. These observed benefits
were derived from either increased cell persistence in the infarct or preconditioning that
yields a more potent paracrine response!’. Combined biomaterial and cell delivery of bone
marrow cells in a collagen graft was used in the MAGNUM clinical trial'. In a small sample
of 20 patients, the epicardial patch was placed during coronary artery bypass grafting

(CABQG) surgery and patients treated with the combination of cells within a patch showed

less dilation in EDV than cells alone'®’. The improvements in cardiac function observed in
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this study are difficult to interpret due to the combination of patch implantation and CABG,

which itself restores cardiac function.

Intriguingly, initial studies by Christman et al. showed that a biomaterial scaffold
alone, namely a fibrin matrix, could preserve cardiac function, limit LV dilation, and reduce
infarct size to the same extent as skeletal myoblasts or the combined therapy!'®®!%°. Since
these initial studies, a number of biomaterials including cardiac patches and injectable
hydrogels have successfully been applied to reduce dilation of EDV/ESV, improve cardiac
function, and reduce scar size in pre-clinical models of MI'7%!7! Successful biomaterials for
infarct repair and preventing ventricular remodeling are composed of synthetic polymers,
natural polymers, or a combination of the two. Synthetic polymers that limited ventricular
remodeling and improved cardiac function post-MI include: degradable polyethylene glycol
(PEG), a-cyclodextrin (a-CD)/MPEG-PCL-MPEG, and co-polymerizations of N-

)172—

isopropylacrylamide (NIPAAm)!'7>"174 Natural polymers used for infarct repair include:

collagen, alginate, platelet gel, hyaluronic acid, and decellularized ECM!3175-17,
Biomaterials have also been used to have localized delivery of growth factors and anti-
inflammatory molecules to stimulate infarct repair such as vascular endothelial growth factor
(VEGF), platelet-derived growth factor-BB (PDGF-BB), insulin-like growth factor 1 (IGF-
1), IL10, and TIMP3!3%13% However, increasing the complexity of tissue engineered
constructs can potentially limit clinical translation, especially if the construct contains
bioactive components such as cells and growth factors'®. Biomaterials alone can provide a
simple approach while still being effective in mediating infarct repair and improving cardiac

function post-MI. While clinical regeneration of functional cardiac tissue may be a few

decades away, there is still a possibility to stabilize cardiac function post-MI to prevent

23



ventricular remodeling'®®. To this end, acellular biomaterials that mechanically stabilize the
infarct region and improve infarct repair can reduce remodeling and limit progression to heart
failure'®. This could have a significant impact on clinical outcomes post-MI even without

inducing cardiomyocyte regeneration or proliferation.
1.6 Acellular Biomaterial Therapies for Cardiac Repair
1.6.1 Biomaterials for Structural Support and Infarct Repair post-MI

Biomaterial scaffolds can restore tissue mechanical properties, provide cell adhesion
domains, modulate inflammation, and can release bioactive peptides upon degradation'®’. All
of these factors can stimulate endogenous wound repair from resident cells. Acellular
biomaterials create a new microenvironment within the infarcted heart and can lead to
salvage of reversibly damaged tissue, blood vessel regeneration and infarct repair by
modulating cell behaviour'®®. There are two main mechanisms proposed to explain the
improvement of cardiac function with biomaterial injection post-MI: mechanical support
through bulking the infarct wall and endogenous repair by a bioactive scaffold that restores

the healthy cues of the cardiac ECM'”! (Figure 1.3).
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B Mechanical Stabilization of the Infarct by Biomaterial Injection
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Figure 1.3. Biomaterial therapy to prevent ventricular remodeling and stimulate infarct
repair after myocardial infarction. A) Biomaterials can be delivered to the borderzone and
infarct regions after myocardial infarction as injectable hydrogels or as epicardial patches.
B) Biomaterial delivery can thicken the infarct wall and offset wall stress in the infarct and
borderzone through LaPlace’s law. Borderzone strain is reduced, indicating improved
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contraction of borderzone myocardium with biomaterial delivery. The mechanism of action
was observed when delivering alginate hydrogel Algisyl-LVR to the infarct region. C)
Bioactive biomaterials can improve infarct repair by increasing angiogenesis, reducing pro-
inflammatory cytokines, reducing oxidative stress, and reducing cardiomyocyte apoptosis.
This can lead to greater myocardial salvage. This mechanism of action was observed when
delivering CorMatrix epicardial patch, decellularized porcine ECM and collagen-chondroitin
hydrogels to the infarct region. Abbreviations: extracellular matrix (ECM), vascular
endothelial growth factor (VEGF), transforming growth factor B (TGF-f), fibroblast growth
factor 2 (FGF2), and tumor necrosis factor o (TNF-a). Created with BioRender.com

Computational modeling using a finite element model of the heart showed that an
increase of 4.5% in volume of the infarct wall can lead to reduction in stress in borderzone
myocardial fibers similar to that of the more remote regions'®. Increasing the thickness of
the infarct region can offset wall stress through the relationship of LaPlace’s law, thereby
limiting dilation of the LV. Current clinical therapies such as drugs that block neurohormonal
blockade lead to reduced wall stress in part by decreasing blood volume, which is a
distending pressure on the heart’>. Mechanical unloading of hearts using a left ventricular
assist device (LVAD) as a bridge to transplant can improve contractility of

cardiomyocytes'*’,

Mechanical support by injectable biomaterials such as calcium
hydroxyapatite microspheres, alginate, and hyaluronic acid hydrogels, have been studied in
large animal models using magnetic resonance imaging (MRI) and finite element model
analysis'”!"1%, In these models, increasing the infarct thickness through injectable materials
can offset infarct and borderzone wall stress and inhibit dilation!*>!**, In addition, injectable
hydrogels, can reduce dyskinetic motion of the heart and improve borderzone strain, or
contractility through infarct stabilization'*!'°>. Hydrogel injection was predicted to improve
cardiac function (LVEF) by ~14%, which was confirmed through intramyocardial injection

of Algisyl-LVR hydrogel in a canine model of heart failure!76:193:1%,
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The second mechanism by which injectable hydrogels can improve cardiac function
post-MI is through bioactive properties of the material to stimulate infarct repair'’’.
Biomaterials composed of natural polymers such as collagen, platelet derived hydrogel, or
decellularized matrices can provide sites for cell adhesion and recognition!3-197:1%8  These
materials have been shown to modulate infarct repair through: inducing angiogenesis in the
infarct region, reducing cardiomyocyte apoptosis, inducing pro-healing inflammatory
responses (M2 or Tu2 cell polarization), and reducing fibrotic signaling from
myofibroblasts'”. CorMatrix material, an epicardial patch made of decellularized small
intestinal submucosa ECM (SIS-ECM), improves contractility and reduces dilation post-
MI'”. The CorMatrix therapy mediates this improvement in cardiac function and ventricular
remodeling through stimulation of angiogenesis and expression of angiogenic growth factors
from infarct myofibroblasts (VEGF and fibroblast growth factor 2 (FGF2))**. A CorMatrix
that was inactivated through a high degree of crosslinking did not show improvement in

dZOO

cardiac function even though infarct wall thickness was increased”". A decellularized cardiac

ECM hydrogel promotes salvage of cardiomyocytes in the infarct region through an increase
in cell survival pathways, reduction in apoptosis, and increase in angiogenesis!’®!%%,
Therefore, the injection of biomaterials can improve cardiac function by promoting wound

healing in the infarct region, reducing oxidative stress, and improving contraction in the

borderzone myocardium to better stabilize cardiac function post-MI.
1.6.2 Delivery Strategies for Biomaterials

For clinical translation of biomaterials for cardiac repair, the method of delivery must
be considered. Epicardial patches require opening of the chest wall through sternotomy and

are applied after CABG surgery which will limit the eligible patient population'’2%!,
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Hydrogels are injectable materials that can be designed to be delivered by a catheter using
similar techniques as currently used in PCI revascularization'#"??2, Intramyocardial injection
through the endocardial surface can be accomplished through a specialized catheter using
NOGA mapping technology currently used for arrythmia ablation'’829%204  Epicardial
delivery of injectable materials may be possible in the future through newly developed
catheters that can deliver injectable materials in the pericardial space?*>?°®. Hydrogels must
be designed to meet the physical (degradation and mechanical properties) and biological (cell
adhesion, blood vessel regeneration, and salvage of reversibly damaged myocardium) needs

of the injured tissue’*

. Hydrogels are designed to gel in situ and provide a unique means for
non-invasive delivery?®’. To be suitable for non-invasive delivery, a hydrogel needs to be
able to be stable within the catheter, rapidly gel once exposed to the heart, and be
hemocompatible as there is a possibility of leak into the circulation®®, Several stimulus-
responsive hydrogels undergo sol-to-gel transition in response to physiological stimuli
including: shear stress during injection, temperature, and ion concentration’”. Therefore,

biomaterial therapies can be designed to be delivered through minimally invasive procedures

post-MI, similar to the methods used for stem cell therapies.

1.6.3 Biomaterial Properties that Influence Cardiac Repair

Biomaterial properties such as degradation rate and material stiffness are important
considerations as they can impact performance in pre-clinical models of MI. The
effectiveness of non-degradable hydrogels made from synthetic polymers has been limited
to transient prevention of LV dilation?'®2!!, Studies with non-degradable PEG hydrogels

demonstrated that increases in wall thickness alone do not produce long term limitation of
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ventricular remodeling®!*'!, Biomaterials and mechanical devices made from synthetic non-
degradable polymers can exhibit a foreign body response (FBR) with fibrosis capsule
formation around the device?'?. The device is considered stable if the FBR resolves within a
month, limiting chronic inflammation. However, as currently constructed, these materials do

212

not stimulate wound healing”'“. Degradable synthetic polymers including PEG hydrogels

with MMP degradable sequences and NIPAAm copolymers show superior performance to
non-degradable PEG for improvement of cardiac function in pre-clinical models!7%!73-213.214,
The properties of synthetic polymers are easier to tune than natural materials, allowing
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careful design of degradation time and stiffness’' . Degradable synthetic polymers improve

the biocompatibility compared to permenant implants but can be limited due to the toxicity

of their degradation products'#.

Studies of degradable synthetic polymers and hyaluronic acid hydrogels have shown
benefits with injection of more stable hydrogels that have a slower degradation rate (>10
weeks on average)'’%?!'4, While hydrogel-mediated benefits on cardiac function did not
change with degradation rate, parameters of infarct thickness and preservation of ventricular
volumes were improved with more stable hydrogels. One study of natural hydrogels alginate
and fibrin showed that cardiac function improved 2 days post-injection for both treatments
but declined for fibrin due to degradation prior to the five-week endpoint*'>. However,
hydrogels designed to induce endogenous repair may not require persistence in the infarct
region to improve cardiac function'>>!”>, Another property of biomaterials that can affect
performance in vivo is material stiffness. For cardiac repair, a wide range of material stiffness
from 1-100 kPa has been used!”!. For hyaluronic acid hydrogels that limit dilation post-MI,

43 kPa hydrogels better preserved infarct thickness and ventricular volumes than 8 kPa
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hydrogels®!'%. In contrast, alginate showed improvements in cardiac function and reduced end
systolic wall stress with a soft elastic modulus of ~3-5 kPa’!”. A material that has too high of

an elastic modulus can impede diastolic filling®'®,

The design of a biomaterial and its intended mechanism of action, mechanical
stabilization, or endogenous repair, can determine its optimal delivery timepoint post-MI*%2,
The goal is to maximize the benefits of material delivery while not interfering with the
temporal phases of wound healing in the infarct region. A collagen-chondroitin hydrogel
showed superior improvement in cardiac function when delivered earlier, 3 hours vs. 7 days
post-MI'7>. Three hours post-MI, the material reduced cardiomyocyte apoptosis and
increased capillary density in the infarcted region. An early delivery timepoint therefore
improved myocardial salvage. For synthetic hydrogels, NIPAAm and degradable PEG,
delayed delivery during the proliferation phase of MI wound healing, i.e. 3 days or 1-week
post-MI, improved performance compared to immediate injection'’>*!3, The immediate
injection timepoint, which is during the inflammatory phase of wound healing post-MI,
resulted in more rapid degradation of the material. Greater persistence of these materials was

associated with greater improvement in cardiac function and limitation of ventricular

remodeling.
1.6.4 Acellular Biomaterials in Clinical Trials to Improve Cardiac Function Post-MI

There have been four types of biomaterials that have progressed to clinical trials: a
polyester mesh support device (Acorn CorCap), injectable alginate hydrogels (IK-5001 and
Algisyl-LVR), a decellularized SIS-ECM epicardial patch (CorMatrix), and a decellularized
porcine pericardial ECM hydrogel (VentriGel)!”!. The CorCap mesh was surgically
implanted as a ventricular restraint device to prevent dilation in patients with dilated
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cardiomyopathy. The device reduced LV dilation and heart failure symptoms at 5-year
follow-up but was discontinued due to concerns of pericardial constriction and abrasions®!"?.
Alginate hydrogels can be delivered into the infarct region and will gel there due to high
levels of calcium ions??°. Alginate biomaterials have low bioactivity for natural polymers but
are not thrombogenic or immunogenic??’. In the PRESERVATION 1 trial, the IK-5001
alginate hydrogel was delivered to patients at 2-5 days post-MI through a catheter into the
infarct-related coronary artery??!. The material was safe, however there was no detected
improvement in limiting dilative remodeling or the prevalence of heart failure at 6-month
follow-up??2. Implementation of IK-5001 in porcine models showed reduction in LV volumes
but no improvement in systolic function??3. The difference in results may be attributed to the
volume of material delivered or the fact that the benefit of hydrogel injection in addition to
current pharmaceutical therapies to reduce remodeling are not tested in pre-clinical

models'”!.

In contrast, another injectable alginate hydrogel, Algisyl-LVR, was delivered through
epicardial, intramyocardial injection in patients through a left anterior limited
thoracotomyzm. Patients enrolled in this study, AUGMENT-HF, had advanced heart
failure??*. At 12-month follow-up patients with Algisyl-LVR therapy had improved VO
max, 6-min walk distance, and New York Heart Association Functional Class (NYHA)?%.
While Algisyl-LVR improved clinical symptoms and exercise capacity, there was no change
in ventricular volumes??®. This clinical trial was not powered to detect changes in LV
echocardiography changes. In pre-clinical studies, Algisyl-LVR injection led to

improvements in cardiac function and wall stress within 3 hours that were sustained for

several months in dogs with heart failure!’®!°%, The bioactivity of Algisyl-LVR is not well
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characterized but alginate hydrogels do improve blood vessel density in pre-clinical

models?’.

The bioactivity of decellularized ECM materials CorMatrix and VentriGel were
integral to their capacity to improve cardiac function in pre-clinical models**’. The CorMatrix
ECM scaffold is currently in a Phase I clinical study to establish safety (NCT02887768).
CorMatrix has previously been used patients for repair of cardiovascular tissues including
main artery defects and valve repair*?*2?®, In many cases the material is well tolerated,
stimulates tissue remodeling and can promote a pro-healing inflammatory response??*-*,
However, one trial of semilunar valve repair in children showed graft rejection and
inflammatory cell infiltration??®?*!, These results were confirmed in an ovine model, with
chronic inflammation and with little signs of tissue remodeling®*2. Some trials showed good
mechanical support but no endogenous tissue repair>**?3*, The application of CorMatrix in a

porcine model showed promising results for improved infarct repair and cardiac function

post-MI179-200,

The second decellularized ECM, VentriGel, is a cardiac ECM injectable hydrogel
which is delivered through endocardial injection?®. In a porcine model, injection of
VentriGel two weeks post-MI was able to better preserve cardiac function, ventricular
volumes, and reduced scar expansion compared to placebo!’®. In a rat model, injection of
VentriGel improved angiogenesis, reduced cardiomyocyte apoptosis, and reduced oxidative
stress in the infarct region'”®. The first-in-man study of VentriGel injection established the
safety and feasibility of catheter-guided intramyocardial injection of the hydrogel in patients
60 days to 3 years post-MI?**. This trial had only 15 patients and was not powered to detect

changes in cardiac functional parameters. A significant improvement in 6 min walk distance
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from baseline with VentriGel injection was detected. Decellularized ECM materials have the
benefit of containing the diverse proteins that make up the tissue ECM!'®’. Cardiac ECM
hydrogels are primarly composed of type I and type III collagens with smaller concentrations
of matricellular proteins and growth factors?*®. The response to decellularized ECM materials
in vivo is determined by the decellularization procedure (removal of cell debris that can act
as DAMPs and trigger an inflammatory response), source tissue, and cross-linking density
(Ref). One limitation of decellularized porcine ECM is the concern that xenotransplantation
of materials from other species can lead to an acute or chronic inflammatory reaction and
rejection of the material?**>37238, Human cardiac ECM materials are limited by donor source
variability and pre-existing conditions which creates variability in hydrogel formation,
therefore porcine cardiac ECM is preferred®®. In contrast to decellularized ECM, ECM
mimicking hydrogels can be prepared from purified collagen solutions providing a bioactive

scaffold for tissue repair.
1.7 Collagen Glycosaminoglycan Hydrogels for Infarct Repair Post-MI

As collagen is the major structural component of the ECM, collagen has been used
extensively in tissue engineering applications'®. Collagen can be extracted from animal
sources and contains collagen monomers with various concentrations of crosslinked
collagen®*’. For cardiac repair, unmodified collagen injection into the infarct region increased
scar thickness and limited ventricular dilation in a rodent model of MI**'. Collagen-
glycosaminoglycan (GAG) crosslinked materials show improved mechanical properties and
hydration?*?. Collagen-GAG scaffolds or hydrogels exhibit an open porous structure with

243

crosslinks between collagen fibers and GAGs within the pore struts**’. Chondroitin sulfate is

the most common GAG is the human body and is composed of D-glucuronic acid and N-
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acetyl galactosamine units and is commonly used in collagen-GAG materials’**?. Collagen-
chondroitin sulfate patches were one of the first bioactive biomaterials tested in humans and
are successfully used to regenerate full thickness skin wounds®**. In approximately 1500
cases of collagen-chondroitin sulfate skin graft use there has not been an adverse response in
humans®®. Collagen-chondroitin sulfate scaffolds are also used clinically to stimulate
peripheral nerve regeneration’*. These scaffolds guide Swann cell migration and axon
formation between nerve stumps to stimulate peripheral nerve regeneration’*$. Collagen-
chondroitin sulfate biomaterials have also been used to fabricate bioartificial corneas for in

vitro characterization of factors that stimulate corneal nerve regeneration®*’.

Collagen-chondroitin sulfate hydrogels have also showed promising results as
biomaterials for cardiac repair. Collagen hydrogels can be prepared on ice and are designed
to gel at physiological temperature, allowing in situ hydrogel formation within the infarct
region and the possibility of minimally invasive delivery?*®. In our lab collagen-chondroitin
hydrogels were originally investigated as a delivery vehicle for circulating angiogenic cells
(CACs), which are a highly angiogenic cell population that showed promise to revascularize
the infarct region’*®. An injectable hydrogel composed of rat tail collagen type I and
chondroitin sulfate (0.25% collagen and 1.1% chondroitin sulfate w/v) crosslinked with
glutaraldehyde increased CAC retention and capillary formation in the hindlimb**. This
collagen hydrogel formulation also improved the angiogenic potential of CACs when used
as a culture substrate instead of fibronectin®°. In a mouse model of MI, delivery of CACs
and hydrogel 1-week post-MI led to improved cardiac function and greater myocardial
perfusion compared to controls at the 28-day follow-up'®’. The hydrogel alone maintained

cardiac function at baseline levels while the phosphate buffered saline (PBS) control group
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declined in function over time. There was also smaller infarct size with the hydrogel alone.
However, the combination therapy was superior, and the benefits of cell encapsulation were
mediated by a2 integrin interactions of CACs with the collagen hydrogel. The acute retention
of the hydrogel was also confirmed 2 hours post-injection and was located within the infarct
with minimal leakage into the lungs®*3. In a porcine model of hibernating myocardium, the
combination of collagen hydrogel and CAC delivery reduced the level of myocardial

hibernation and improved perfusion',

Collagen-chondroitin sulfate hydrogels have also been investigated as a standalone
therapy for cardiac and striated muscle repair. The original hydrogel formation was modified
from a glutaraldehyde crosslinking system to a carbodiimide crosslinking mechanism using
1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS). The EDC/NHS crosslinking mixture results in the formation of
covalent bonds between collagen fibers and between collagen and chondroitin sulfate®!:>52,
With this reaction, the stoichiometry of the crosslinker and protein minimizes potential
toxicity?>®. The EDC/NHS crosslinked collagen-chondroitin hydrogel was able to restore
perfusion, recruit bone marrow derived progenitors, and induce blood vessel formation in a
hind limb ischemia model?**?%. The collagen-chondroitin sulfate hydrogels also induced
myogenesis in response to a necrotic stimulus in a mouse model of muscular dystrophy,
which improved hindlimb function®*®. In a mouse model of MI, the EDC/NHS crosslinked
rat tail collagen hydrogel improved cardiac function at 4-week follow-up compared to PBS
injected mice when delivered 3 hours and 7 days post-MI, but not 14 days post-MI'’>. The

improvement in cardiac function was greatest when delivered at the earlier, 3-hour timepoint.

The injection of the collagen hydrogel increased infarct capillary density, reduced
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cardiomyocyte apoptosis, and reduced pro-inflammatory macrophage infiltration. A
modified collagen-chondroitin hydrogel with the addition of chitosan was able to improve
cardiac function 4 weeks post-injection from baseline at 2 weeks post-MI**’. This collagen-
chitosan-chondroitin hydrogel reduced MMP/TIMP ratio reducing excess ECM degradation
by myofibroblasts. Therefore, collagen-chondroitin sulfate hydrogels have shown promise as
a therapy for cardiac repair post-MI. One drawback of the material was that it used animal-
derived collagen. There remain concerns about hypersensitivity reactions to animal-derived
collagens (~3% of patients), batch-to-batch variability of the collagen solutions, and the

possibility of viral contamination®3*,
1.8 Recombinant Human Collagen Hydrogels for Cardiac Repair

Recombinant human collagens (rHC) can be produced in a number of genetically
modified cells including yeast and tobacco plants®*®. The cells can be engineered to express
the human collagen peptides and P4H which is necessary for triple helix formation in
collagen monomers?*®. Collagen biomaterials for corneal replacement have be made with
rHCI type I (rHCI) and rHC type III (rHCIII) and crosslinked with EDC/NHS?¥. In a pre-
clinical model, both rHCI and rHCIII corneal implants had similar mechanical properties to
a healthy cornea and were both able to regenerate the cornea through reepithelization and
nerve growth?>. This was surprising as tHCIII is only a minor component in human corneas.
The rHCIII hydrogel progressed to a clinical trial due to its superior optical properties®>. In
10 patients, rHCIII corneal implants led to regeneration of corneal tissue and improved vision
at 4-year follow-up?®®. The implants did not stimulate an immune response and did not
require chronic immunosuppressive therapy, unlike human donor corneas®®*?%!. The rHC

hydrogels are manufactured in a closed mixing system and meet good manufacturing practice
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(GMP) guidelines for material preparation®®?. To facilitate clinical translation, preparation of
collagen-chondroitin hydrogels for cardiac repair will require a scalable, GMP quality
standard operating protocol (SOP). Due to the success of the GMP procedure for preparation
of rHC corneal substitutes in clinical studies, a similar procedure was used to develop the
first rtHC-chondroitin sulfate hydrogels for cardiac repair (Figure 1.4). Both rHCI and rHCIII
hydrogel formulations were optimized, as these are the most prevalent proteins in the cardiac

ECM'%8,

37



rHC Hydrogel Preparation

Pathway A N
JLys
EDC/NHS RN ﬁ
R 0 — ¢ Lys
o o + N o
IlL">n
coor ¢
o
(1) ) (1) = 3) -
Pathway B Ly
~
HoN
HO,, o .o, 0 o B ]
o WO, 7 0oHO/, O 0.~ o) HO,, O 0
/U\N'C),, 0oH EpeNHS A T 5SoH & :O“‘O:s:OH
H = OH o ” g /Oﬂ o 1 N '/Oa o
0/, O .‘\\”\OH — 07, o wWl__-N — H 35 o Lys
'Cl [ Z (0] /. .\\\U\N/
HO¥ ~x"YoH HO N OH o HQV’()VOH H
HO HO HO'
YN
4) (5)
T-piece system for rHC hydrogel preparation (6)

(1) 1% rHC collagen
(2) rHC collagen-NHS intermediate
(3) Crosslinked rHC collagen matrix
37°C TSR BV (4) Chondroitin sulfate

—_— * y (5) Chondroitin sulfate-NHS intermediate
(6) Chondroitin sulfate modified rHC collagen
(7) rHC collagen-chondroitin (CS) matrix
(8) AF594® NHS ester
(9) AF594® labeled rHC collagen-chondroitin matrix

At 37°C an ECM-mimicking, porous

collagen scaffold is obtained EDC:1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
NHS: N-Hydroxysuccinimide

AF594 Labeled rHC Hydrogels for Tracking /n Vivo Degradation

Ccs — —
CS'I
i 79
Lys EDC
(o} e o
— + N_O)‘\‘ S .
C\N/y o
NH, © H
NH
(7)

(6) L R

Figure 1.4. Preparation of recombinant human collagen hydrogels for infarct repair. The
recombinant human collagen (rHC) hydrogels were prepared by crosslinking collagen fibrils
(Pathway A) and crosslinking chondroitin sulfate to collagen fibrils (Pathway B). The
crosslinking uses EDC/NHS chemistry to form an amide bond between a lysine residue in
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collagen and the activated carboxy group of another collagen molecule or chondroitin sulfate.
The hydrogels are prepared in a closed T-joint mixing system and gel at 37°C. Two hydrogels
were prepared from rHC type I and type III (tHCI and rHCIII). The EDC/NHS chemistry
was also used to label the hydrogel with AF594® fluorescent dye. An AF594®-NHS ester
compound added to the hydrogel crosslinking mixture that contained EDC. The AF594®
labeled hydrogels show a red fluorescence labeling the collagen fiber pores of rHCI and
rHCIIL. Scale bar is 50 pm. The red fluorescence can also be detected ex vivo in histology
sections of mice injected with rHC hydrogels. Cardiac troponin is seen in green and DAPI
nuclear marker in blue. The scale bar for the left histology image is 1mm and the right
histology image has a scale bar of 100 um. Chemical diagrams created using ChemDraw
Professional v. 20.1.

1.9 Thesis Objective, Aims and Hypotheses

The main objective for this thesis was to characterize the effect of the first rHCI and
rHCIII hydrogels on ventricular remodeling post-MI. To accomplish this objective, a mouse
model of MI was used that establishes permenant occlusion of the left anterior descending
coronary artery (LAD). The hydrogel was injected 7 days post-MI, during the proliferative
phase of MI wound healing, which corresponds to approximately 14 days post-MI in humans.
This model best represents patients that have had a large anterior-apical MI and have been
delayed in getting treatment, leading to a large established scar. A 28-day follow-up was
chosen for the mouse MI model because at this time-point dilative ventricular remodeling
leads to a decline in cardiac function in untreated mice. The studies in this thesis were

designed to address three specific aims.

Aim 1: Determine the impact of rHCI and rHCIII hydrogel injection on cardiac function and
ventricular remodeling post-MI in a mouse model at the 28-day follow-up time-point. In
addition, identify the differences in efficacy between rHCI and rHCIII hydrogels in vivo and

establish the best performing treatment in this model.
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Aim 2: Characterize the degradation of the rHC hydrogels in vivo and the immune response

to hydrogel injection.

Aim 3: Based on the results of studies for aim 1 and aim 2, rHCI was the superior performing
treatment in part because its injection stimulated an acute improvement in contractility within
2 days. Consequently, the final aim was to determine if rHCI injection led to acute
improvement in global cardiac function within 2 days. Part of this aim was also to understand
the mechanism of action behind the acute improvement of contractility with rHCI treatment.
To accomplish this, an RNA sequencing (RNAseq) analysis was run on heart tissue from
rHCI treated mice at 2 days post-injection and follow-up studies were done to examine the

pathways of identified target genes.

Hypothesis 1: In a mouse model of MI, the injection of rHCI and rHCIII hydrogels will limit
ventricular remodeling and improve cardiac function compared to PBS injection at the 28-
day endpoint. The rHCI and rHCIII hydrogels will perform equally well to improve cardiac

function post-MI.

Hypothesis 2: The injection of either hydrogel will not stimulate an adverse immune response
in vivo and may increase M2 macrophage differentiation, as seen in previous in vivo studies
of collagen hydrogel injection. Based on the in vitro degradation time it was anticipated that

rHCI hydrogel would degrade faster than rHCIII hydrogel in vivo.

Hypothesis 3: The rHCI hydrogel improves cardiac function 2 days post-injection and this
improvement is sustained out to the original 28-day endpoint in a mouse model of MI. The

mechanism of action was anticipated to involve a reduction in stress and improved
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contractility within cardiomyocytes which could lead to the increase in myocardial salvage

observed 28 days after rHCI treatment.

The results for aims 1 and 2 were published as McLaughlin and McNeill et al. Nature
Communications 10 (2019) 4866. The results of aim 3 are being drafted into a manuscript

and are currently unpublished
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Chapter 2: Methods

Note that common methods and methods for aims 1 and 2 (sections 2.0 and 2.1) have been
published in McLaughlin and McNeill et.al. Nature Communications 10 (2019) 4866 and are
presented herein with minor modifications along with methods performed for aim 3 (section
2.2).

2.0 Methods Common to all Aims

2.0.1 Preparation of rHC Matrices

A 1% collagen solution was prepared by dissolving 0.1 g of lyophilized rHC collagen
(rHCI and rHCIII, from Fibrogen) in 10 ml of ultra-pure ddH>O. Chondroitin sulfate (CS;
Wako), EDC (Sigma) and NHS (Sigma) were added to produce a final mixture with a mass
ratio of 1:4:0.5:0.3 for collagen:CS:NHS:EDC. The materials were prepared on ice using an
enclosed system that allows homogenous mixing without adding bubbles. After thorough
mixing, the pH was adjusted to 7.4 by NaOH (1.0 N). Matrices without CS were prepared
similarly but with PBS added to compensate for the volume of CS. Matrices labeled with
Alexa-Fluor®594-NHS were prepared by adding 20 uL of the dye stock solution (Img/mL
in DMSO) to the gels before adding the NaOH (25 nmol of dye per hydrogel), followed by

20 mixing steps.

2.0.2 Animal Experiments

All procedures were approved by the University of Ottawa Animal Care Committee
and performed according to the National Institute of Health Guide for the Care and Use of

Laboratory Animals.

2.0.3 MI Model

MI was induced in 9-week-old female C57BL/6 mice (Charles River; number of

mice/group are in the figure legends) and treatment delivery was performed using an
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established protocol!”>!%’. Mice were anesthetized (2% isoflurane), intubated, and the heart
was exposed via fourth intercostal thoracotomy. The LAD was then ligated just below its
emergence from the left atrium. This procedure results in a large MI involving the
anterolateral, posterior, and apical parts of the heart, which was confirmed at the time of
surgery by myocardial blanching in the region supplied by the artery. Short acting
buprenorphine was administered at least an hour prior to surgery, and long-acting
buprenorphine was administered subcutaneously immediately before surgery for
perioperative analgesia. At 7 days post-MI (baseline), mice were randomly assigned to
receive treatment of PBS (control), rHCI or rHCIII matrices, delivered in 5 equivolumetric
intramyocardial injections (10ul each site, 50ul total) through a 27G needle using an
ultrasound-guided closed-chest procedure. The syringe is secured in a micromanipulator
(VisualSonics), and prior to the injection procedure, both the needle and RMV scanhead
probe are aligned along the heart long-axis. Via the ultrasound field-of-view, the
micromanipulator is used to position the needle tip so that it is in the desired location within
the myocardium for delivery of the injections (see Figure 2.1). Mice were sacrificed by
terminal anesthesia at 2 days or 28 days post-treatment and hearts were collected for RNA or
protein isolation, histology and/or measurements of the mechanical properties. For a

schematic of endpoint sample size, see Appendix D.
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Figure 2.1. Representative images depicting the intramyocardial injection of the rHCI
matrix. Images shown are at time-points prior to intramyocardial delivery (top), during the
injection (middle), and post-injection (bottom). Images were captured from a video recorded
using a Vevo 3100 ultrasound system operating at 30 MHz. The video is available in the
video supplementary information section of this article.
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2.0.4 Strain Analysis

Transthoracic echocardiography was performed on long-axis views usinga
Vevo3100 system in B mode with a MX400 series real-time microvisualization scan head
probe (VisualSonics). Strain was analyzed using the Vevostrain application of Vevo LAB
3.1.1 software (VisualSonics)*%’. The imaging was performed at baseline before treatment
injection (7 days post-MI), 2 days and 28 days post-injection to determine longitudinal
endocardial strain at the time of aortic valve closure (representing end-systole). Endocardial
strain is calculated as the percentage displacement of the endocardium at end systole (marked
by the aortic valve closure) compared to its original position at end diastole. In the
longitudinal direction, the myocardial segments will shorten at systole compared to diastole
as the myocardium contracts. The software splits the LV myocardium into six equal segments
namely the apex, mid, and base regions of the anterior and posterior LV walls. The anterior
mid segment (segment 5) corresponds to the borderzone area targeted for treatment injection.
Representative images for the strain measurements are included in Figure 2.2 for all the

experimental groups plus a healthy animal that did not have an MI.
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Figure 2.2. Sample images of the myocardial strain analysis using Vevostrain software for
day 2 and day 28 end-points. A) Long-axis left ventricular (LV) echocardiograms are divided
into six segments for base, mid and apical regions of the anterior (dark blue, yellow and light
pink traces) and posterior LV walls (green, white and light blue traces). Displacement of
these segments is traced through the cardiac cycle and strain is recorded as the percent change
from end diastole. Strain is measured using the endocardial trace in the longitudinal direction,
therefore all segments in a healthy animal shorten and reach peak negative strain at end
systole. For a reference point of end systole, peak strain during contraction is recorded at the
time of the aortic valve closure (AVC). Example strain images from mice that received
intramyocardial injection of B) PBS or C) rHCI hydrogel seven days post-myocardial
infarction. Time points are baseline prior to injection as well as 2 days and 28 days post-
injection.
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2.1 Methods Used for Aims 1 and 2

2.1.1 Study Design

Here, we conducted a study to (i) design clinically relevant collagen hydrogels using
recombinant human collagens type I and type III; (i1) characterize and compare the physical
properties of the rHCI and rHCIII materials; (ii1) evaluate the therapeutic potential of the
materials for treating MI in mice; and (iv) identify mechanisms underlying the observed
therapeutic effects of rHC treatment. For in vivo experiments, LAD artery ligation in mice
was chosen as a clinically relevant and well-established animal model of MI. For functional,
histological, and molecular evaluations, the number of animals per group was minimized to
three to fifteen mice, as specified in the figure legends. Mice were randomly assigned to

treatment groups and all analyses were performed in a blinded fashion.

2.1.2 Material Viscosity

Viscosity measurements were carried out using a Brookfield R/S plus rheometer
(Brookfield) at 37°C. A C25-2/30 conical spindle was used to compress the material (50 um
displacement) onto a temperature-controlled pedestal. Viscosity was measured with a ramp
rotational block at a speed of 1/min units pre-set at a shear rate of 5 units over a time of 30

min.
2.1.3 Degree of Crosslinking
Differential scanning calorimetry (DSC) experiments were carried out to assess the

degree of crosslinking. Briefly, measurements were performed in a Q2000 differential

scanning calorimeter (TA Instruments) in the range of 8 to 80°C using a scan rate of 5°C
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min’'. Collagen matrices (5-20 mg) were surface-dried with filter paper and hermetically
sealed with an aluminum lid (Tzero; TA Instruments) in an aluminum sample pan (Tzero;
TA Instruments). The denaturation temperature (7q) was measured at the onset of the

endothermic peak.
2.1.4 Water Content

Water content of the materials was measured by weighing the wet weight (W) of the
sample, equilibrated in PBS for 96 h at 4°C. The material was then vacuum-dried at room
temperature for 96 h to obtain the dry mass (Wy). The total water content of the hydrogels

(W) was then calculated according to the equation:

_ (w-wp)

=-——7=x 100
w

(1) W

2.1.5 Degradation

Enzymatic degradation was measured using 50-100 mg of hydrogel placed in 5 ml of
type I collagenase (10 U/ml in PBS) at 37°C. The remaining solid mass was measured over
a period of up to 24h. The degradation rate is calculated from the initial slope of the plots of

remaining mass vs. time and reported as mg/min.

2.1.6 Material Porosity

Low-temperature scanning electron microscopy (Cryo-SEM) measurements were
performed at —50°C using a Tescan (Model: Vega II — XMU) equipped with a cold stage

sample holder, a backscatter electron detector (BSE) and a secondary electron detector (SE).
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Pore sizes were measured from at least 250 individuals from 4-6 random areas of the sample
using ImageJ® software. Diameter for pores were quantified using the longitudinal axis of
the pore using the straight-line tool. Area of the image was adjusted against the size scale bar

obtained from the Tescan Vega II system?%*,
2.1.7 Echocardiography

Transthoracic echocardiography was performed on long-axis views using a Vevo770
system in B mode with a 707B series real-time microvisualization scanhead probe
(VisualSonics). The imaging was performed at baseline before treatment injection (7 days
post-MI) and at 28 days post-injection to determine LVEF, fractional area change (FAC),
ESV, EDV, SV and CO. Note that LVEF, ESV, and EDV are used as clinical predictors of

HF and survival after MI*%.
2.1.8 Ex Vivo Imaging of Alexa-Fluor®594 Labeled Matrix

The chemically tagged rHC matrices (25 nmol of dye per hydrogel) were injected to
the infarcted mouse heart, as described above. Animals were sacrificed at 2 h,2 days and 7
days after treatment, and hearts were harvested and imaged ex vivo by IVIS® Spectrum
(PerkinElmer) to visualize rHCI and rHCIII distribution within the hearts (A excitation: 570 nm;
A emission: 640 nm). For histology, tissue sections were prepared in acetone and then stained
with DAPI followed by imaging using a Leica Aperio Versa slide scanner with a final

magnification of 20x and a Z-stack with 8 steps at 1.5 um.
2.1.9 Electrocardiography

Electrocardiograms were obtained simultaneously with echocardiography using
a Vevo3100 system (VisualSonics) at baseline before treatment injection (7 days post-MI)
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and at 2 days post-injection. Electrocardiograms were exported from Vevo LAB 3.1.1,,
software (VisualSonics). The length of the PR, QT and QRS intervals was determined using

Imagel] software (Table 2.1).
2.1.10 Mechanical Properties of the Myocardium

Mice were euthanized by terminal anesthesia at 2- or 28-days post-treatment and the
hearts were harvested. Rectangular pieces (2.5 x Smm) of the left ventricle comprising the
scar and border zone were excised. To determine the tensile elasticity of the tissue (Young’s
modulus), the samples were subjected to mechanical testing in an Instron mechanical
universal tester (Model 3342, Instron) equipped with Series IX/S software, using a crosshead

speed of 10 mm min .

2.1.11 Histology/Immunohistochemistry

Slides of myocardial tissue sections were prepared from a subset of hearts that were
not used for mechanical properties measurements. At 28 days post-injection, hearts were
harvested, perfused with PBS, embedded in optimal cutting temperature compound (OCT),
and snap frozen in liquid nitrogen. Sections of 10 um were cut using a cryostat. To assess
scar size, tissue sections were fixed in 4% paraformaldehyde (PFA) for 1h and stained with
Masson’s trichrome procedure (Sigma). Images taken with an Olympus BX50 microscope
using a 2x objective and eight sections per mouse were used to measure remote wall thickness
and to determine scar size using the mid-line arc method using MIQuant software*®. For
immunohistochemistry, tissue sections were fixed in acetone for 20 min, permeabilized with

0.1% Triton for 10 min and then blocked in 10% serum for 1h at room temperature. Primary
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antibodies were applied overnight at 4°C in 10% serum and then slides were rinsed and
treated with secondary antibodies for 1h at room temperature, before being mounted with
fluorescent mounting medium (Dako). For the detection of blood vessels and myofibroblasts,
platelet endothelial cell adhesion molecule (PECAM-1) (also known as CD31; Santa Cruz
101454, 1:50) and a-SMA (Abcam 5694, 1:200) antibodies were used and detected with
AF594 anti-rat (Life Technologies A11008, 1:500) and AF488 anti-rabbit (Life Technologies
A11007, 1:500), respectively. M2 macrophages were detected by AF488 conjugated anti-
CD206 antibody (Biolegend 141710, 1:50). For cardiac troponin I staining, sections were
incubated with AF488-labeled wheat germ agglutinin (WGA) (ThermoFisher, W11261) and
goat cardiac troponin I primary antibody (Abcam ab56357, 1:200) and detected by donkey
anti-goat AF594 secondary antibody (Life Technologies A-11058, 1:500). Finally, for
connexin 43 staining, sections were incubated with connexin 43/GJA1 (Cx43) (Abcam
ab11370, 1:400) and cardiac troponin I (Abcam ab188877, 1:200) primary antibodies
followed by detection with AF488 anti-rabbit (Life Technologies A11007, 1:500) and
donkey anti-goat AF594 secondary antibody (Life Technologies A-11058, 1:500),
respectively. Fluorescent images were obtained using a Zeiss Axio Observer microscope with
a 20x objective and for the connexin 43 stained sections a Leica Aperio Versa slide scanner
with a 20x objective was used with a Z-stack of 8x1.5 pm steps. For all [HC stains, 4 sections
per mouse were analyzed and for each section 2-4 images within the border zone, infarct and
remote regions were used for analysis. For hematoxylin-eosin (H&E) staining, tissue sections
were fixed in 10% formalin. Sections were then stained first in hematoxylin gill’s solution
No. 2 for 7 min, followed by acid alcohol differentiation, and then 0.5% eosin for 7 min,
followed by dehydration (all solutions from Sigma). Images were taken with an Olympus

BX50 microscope. The border zone was designated as the FOV directly adjacent to either
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side of the infarct region that begins when 50% of the LV is fibrotic scar tissue (see Figure

2.3 for a schematic depiction).

Infarct

S~

LV B7

BZ

Remote

Figure 2.3. Schematic depiction for the definition of the different histological areas within
the infarcted myocardium. BZ: Border zone, LV: Left ventricle lumen.

2.1.12 Cx3cr1-EGFP Mouse Experiments

To evaluate the recruitment of circulating mononuclear cells to the myocardium
following rHC treatment, B6.129P-Cx3crl tm1Litt/J mice (Cx3cr1-EGFP) were purchased
from the Jackson Laboratory. These mice express enhanced green fluorescent protein in
monocytes, dendritic cells, natural killer (NK) cells, and brain microglia, and are a model
reported for the study of mononuclear cell recruitment to the heart®>. At 7 days post-MI, mice
received treatment of 50ul of phosphate buffered saline (PBS), rHCI or rHCIII, as described
above. Animals were sacrificed 2 days after treatment and blood was collected into EDTA
tubes. Also, hearts were perfused with PBS and the right ventricle, and the apical region of
the left ventricle were collected. The tissues were rinsed with hank’s balanced salt solution
(HBSS) and digested in 2.4U/ml dispase I (Roche) and Img/ml Collagenase B (Roche) for
40 min at 37°C. Samples were washed 3 times with PBS, centrifuged for 5 min at 400g, and
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the isolated cells were prepared for flow cytometry (FACS Aria III; Becton Dickinson). Cells
were labeled with APC anti-mouse/human CD11b (Biolegend 101211), PE anti-mouse Ly-
6G/6C (Biolegend 108407), PE/Cy5 anti-mouse F4/80 (Biolegend 123111), PE/Cy7 anti-
mouse CD38 (Biolegend 102717) and Alexa Fluor® 700 anti-mouse CD206 (Biolegend
141733), following the manufacturer-recommended dilutions (0.25ug/L per 1x10° cells for
CD11b, Ly-6G/6C, CD38, and CD206, and 1ug/L per 1x10° cells for F4/80). See Figure 2.4

for sorting/gating strategy.
2.1.13 Cell Isolation and Flow Cytometry for Monocyte Subsets

Two days post-treatment injection mice were sacrificed by CO; inhalation followed
by cervical dislocation. Blood was collected from mice through cardiac puncture in a 50 mM
EDTA solution and red blood cells (RBCs) were lysed with red blood cell (RBC) lysis buffer
according to the manufacturer’s protocol (Biolegend 420301). Cells were isolated from
harvested mouse hearts using a digestion buffer containing: DNAse I (50 U/uL; Sigma
D5025), collagenase type II (400 U/mL; ThermoFisher 17101015), collagenase D (0.15
U/mL; Sigma 11088866001) and hyaluronidase (10 U/mL; Sigma H3506). Following an
hour digestion at 37°C, isolated heart cells were passed through a 70 um filter. Finally,
harvested mouse spleens were mashed and triturated through a 70 um filter followed by
incubation with red blood cell (RBC) lysis buffer. Cell pellets were collected by
centrifugation at 400xg for 5 min at 4°C. Isolated cells from all tissues were incubated with
Zombie Aqua fixable viability dye (1:500, Biolegend 423101) for 20 min at room
temperature. Next, Fc receptors were blocked with TruStain X reagent (1:100, Biolegend
103319) for 10 min at room temperature. The cells were then incubated with an antibody

cocktail for 45 min at room temperature containing CD45-APC/Fire 750 (1:160, Biolegend
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30-F11), CD11b-PE/Cy7 (1:80, Biolegend M1/70), Ly6G-PerCP/Cy5.5 (1:160, Biolegend
1A8), CD3-PE (1:160, Biolegend 17A2), B220-AF488 (1:50, Biolegend RA3-6B2), F480-
AF647 (1:100, Biolegend BM8) and Ly6C-BV421 (1:80, BD Biosciences AL-21). Flow
cytometry was performed using a BD FACS Aria III and data was analyzed with FlowJo
V10.5.2 software (see Fig. 3. S12 for sorting/gating strategy). Total viable cell number for
each tissue post-isolation was determined by trypan blue exclusion using a hemocytometer.
Total number of cells within each leukocyte population was determined using the percentage
of live cells for a given cell population and the total number of live cells counted post-
isolation which was then normalized to the mg of tissue or mL of blood collected. Gating
strategy: Single cells were gated based on forward scatter (FSC) gates, FSC-A and FSC-H.
Live single cells were gated on low staining for Zombie Aqua live/dead dye. From this live
single cell population leukocytes were CD45". Leukocyte subsets were characterized as
follows: neutrophils CD45'CD11b'Ly6G*, Ly6C low monocytes CD45°'CD11b'Ly6G
F480Ly6C’, Ly6C high monocytes CD45'CD11b'Ly6GF480Ly6C", macrophages
CD45'CD11b'Ly6GF480°, T cells CD45°CD11bLy6G CD3'B220° and B cells
CD45'CDI11b'Ly6G CD3'B220". Note for blood F480 expression was not used in the gating

strategy. Gates were set relative to isotype controls.
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Figure 2.4. Flow cytometry gating strategies used to separate mouse leukocyte cell
populations. (A) Gating strategy for identification of Cx3Cr1-GFP" cells in the hearts of
Cx3Cr19"F mice. This gating strategy also shows how Cx3Cr1-GFP* CD11b", Cx3Cr1-GFP"
CD38" and Cx3Crl-GFP" F480" sub-populations were identified. (B) Gating strategy to
identify inflammatory cells in the blood two days post-treatment injection in a C57Bl/6
mouse MI model. The following populations were analyzed: CD45" leukocytes,
CD45'"CD11b"Ly6G monocytes, CD45'"CD11b"Ly6GLy6C* monocytes,
CD45'CD11b'Ly6GLy6C” monocytes, CD45'CD11b"'Ly6G" neutrophils, CD45°'CD11b
Ly6G CD3"B220" T cells and CD45"CD11b'Ly6G'B220"'CD3" B cells. (C) Gating strategy
to identify inflammatory cells in the heart and spleen two days post-treatment injection in a
C57Bl/6 mouse MI model. The following populations were analyzed: CD45" leukocytes,
CD45'CDI11b'Ly6G"  monocytes,  CD45'CD11b'Ly6GF480Ly6C"  monocytes,
CD45'CD11b"Ly6G™ F480'Ly6C™ monocytes, CD45°CD11b"Ly6G~ F480" macrophages,
CD45'CDI11b'Ly6G" neutrophils, CD45'CDI11bLy6G'CD3'B220° T cells and
CD45'CDI11b’Ly6GB220°CD3" B cells.
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2.1.14 Neonatal Cardiomyocyte Studies

Neonatal rat ventricular myocytes (NRVMs) were freshly isolated using an
established protocol®®’. Left ventricles collected from 2-day old Sprague-Dawley rats
(Harlan) were digested by trypsin (Amersham Biosciences) and collagenase type II
(Worthington Biochemical). Isolated cells were re-suspended in M-199 medium (Life
Technologies) supplemented with 10% fetal bovine serum (FBS), 19.4 mM glucose, 2 mM
l-glutamine, 2 unit/mL penicillin, 0.8 pg/mL vitamin B12, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and 1x Minimum essential medium (MEM) non-
essential amino acids (Sigma-Aldrich). Two rounds of 60 min pre-plating were performed,
during which cardiac fibroblasts attach to the dish bottom, thus enriching the non-adherent
population for NRVMs. The non-adherent cells, NRVMs, were then seeded onto the different
collagen matrices in 24-well plates (40,000 cells/cm?). For the survival assay, 3-day cultured
NRVMs were subjected to M-199 media containing 50uM hydrogen peroxide for 3h, after
which a terminal deoxynucleotidyl transferase dUTP nick-end Labeling (TUNEL) assay was

performed, and dead cells were counted in 3 random fields-of-view.
2.1.15 Cell Cultures

Using an established protocol, bone marrow-derived macrophages were isolated from
8-12 week old C57BL/6J mice?*®. Mice were euthanized by CO, inhalation and cervical
dislocation, and tibia bones were collected and flushed with media to isolate the bone
marrow. The bone marrow isolate was pipetted repeatedly to obtain a single cell suspension,
which was then passed through a cell strainer. Freshly isolated cells were cultured for 1 week
in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 20% 1929
conditioned media and penicillin-streptomycin, and then re-plated on the rHC hydrogels for

56



3 days. Cells were collected from the rHC hydrogels using 3mM CaCl, HBSS containing
250 units of collagenase I (Gibco). Macrophage polarization was assessed by flow cytometry
(FACS Aria III; Becton Dickinson) using CD86 and CD206 (Biolegend) to identify M1 and
M2 macrophages, respectively. For mononuclear cell isolation, bone marrow from tibia
bones was collected as described above. Mononuclear cells were purified by density gradient
centrifugation using Histopaque® (Sigma) according to the manufacturer's instructions. Cells

were labeled with 0.5ug/ml DAPI (Sigma) for 30 min at 37°C.
2.1.16 Macrophage Adhesion Assay

Mononuclear cells were isolated by flushing the tibias and femurs of 6- to 12-week-
old mice. Cells were purified by density gradient centrifugation using Histopaque® (Sigma)
according to the manufacturers’ instructions. Mononuclear cells were counted and labeled
with DAPI. Cells were plated on the different biomaterials at a concentration of 50,000
cells/cm? for 24h. Cells were fixed with 4% PFA for 5 min and cells were counted. Data was
expressed relative to the control (non-coated wells, i.e., tissue culture polystyrene (TCPS))

to minimize the effect of inter-donor cell variability.
2.1.17 Macrophage Migration Assay

Bone marrow mononuclear cells were cultured in DMEM supplemented with 10%
FBS, 20% L929-conditioned medium and Pen/Strep for 7 days to generate bone marrow-
derived macrophages (BMDMs) and labeled with DAPI, as described above. BMDMs
(2x10°) were then re-suspended in endothelial cell growth basal medium (EBM) lacking
growth factors and serum and loaded into the upper chamber of a Transwell plate (Life

Technologies) coated with 100 pL of rHCI or rHCIIIL. The bottom chamber contained full
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macrophage media as described above. After 24h, the inserts were removed and the number
of BMDMs that migrated through the biomaterial was quantified in a blinded fashion using
a Zeiss Z1 fluorescence microscope. Data was expressed relative to the control (non-coated

wells, i.e., TCPS) to minimize the effect of inter-donor cell variability.

2.1.18 Macrophage Polarization Assay

BMDMs were generated in DMEM supplemented with 10% FBS, 20% L929-
conditioned medium and Pen/Strep for 7 days, as described above. For macrophage
activation experiments, cells were stimulated for 3 days with lipopolysaccharide (1pug/ml;
Sigma) plus interferon gamma (IFN-y) (50ng/ml; Sigma) for M1 activation, or with 1L-4
(20ng/ml; R&D systems) for M2 activation. Total RNA was extracted using Tri Reagent
(Zymo Research), according to manufacturer’s protocol. First-strand cDNA was synthesized
with Smartscribe Reverse Transcriptase (Takara Bio USA) and random hexamer primers
(Fisher Scientific). Target gene mRNA levels were assessed by quantitative real time
polymerase chain reaction (QPCR) with LightCycler 480 SYBR Green I Mastermix (Roche)
and a LightCycler 480 Real-Time PCR System (Roche). Sequences for primer pairs are listed
in Table 2.1. Relative changes in mRNA expression were determined by the AACt method,
expressed as levels relative to 18S. Data was expressed relative to the control (non-coated

wells, i.e., TCPS) to minimize the effect of inter-donor cell variability.

2.1.19 Survival After H202 Exposure

Cells were cultured for 7 days in DMEM supplemented with 10% FBS, 20% L929-
conditioned medium and Pen/Strep. On day 7, the media was changed to DMEM containing

0.5mM hydrogen peroxide and cells were cultured for 3h before being stained with 7
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aminoactinomycin D (7-AAD) for analysis by flow cytometry. Data was expressed relative
to the control (non-coated wells, i.e., TCPS) to minimize the effect of inter-donor cell

variability.
2.1.20 Statistical analysis

Statistical analysis was performed using Kaleida Graph 4.5®. All data are presented
as the mean = SEM. For the comparison of in vivo data between treatments, an ANOVA was
used followed by Holm’s correction for multiple comparisons. Scar size was analyzed using
a multiple regression including treatment group (rHCI, rHCIII and PBS) and baseline LVEF.
rHCI and rHCIII as compared to PBS were significant predictors of infarct size, in addition
to baseline LVEF. The correlation coefficient for the model is 0.6 using STATA multiple
linear regression. In vitro NRVM, macrophage and cardiac fibroblast data was analyzed
either by a Student’s t-test or by a one-way ANOVA with a Holm’s correction for multiple

comparisons, as specified in the figure legends.

2.2 Methods for Aim 3
2.2.1 Study Design

This study was designed to test the MI heart’s acute functional response to
intramyocardial injection of rHCI hydrogel. A mouse model of MI was used that induces
permenant occlusion of the LAD artery and treatments (rHCI hydrogel or PBS) were injected
7 days after MI into the anterior borderzone myocardium. This model was used previously
for the first in vivo trials of rHC hydrogels to improve cardiac function post-MI*%°. The
primary follow-up time-point in these trials was 28 days after treatment and rHCI improved
cardiac function at that time-point. Intriguingly, there was evidence to suggest that cardiac

function may have improved as early as two days post-injection. In this study, two sets of
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functional studies were done. The first had an acute follow-up at 2 days after treatment
injection (9 days post-MI). The second had the original follow-up time-point 28 days after
injection, with echocardiography completed at both 2 and 28 days after injection. This first
study was used to determine if cardiac function (LVEF) improved in rHCI-treated mice
compared to PBS control group 2 days after treatment. The hearts at this follow-up were
harvested to study gene expression changes between treatment groups by RNA-seq and to
run follow-up histology on pathways downstream of the detected target genes. The 28-day
trial was used to determine if the improvement in cardiac function over baseline for rHCI
treatment group was equivalent at 2 days and 28 days post-treatment. Hearts harvested at the
28-day follow-up were used in histology experiments to test if changes in the myocardium
found at 2 days are sustained out 28 days post-treatment in rHCI mice. Mice were randomly
assigned to treatment groups 7 days post-MI. Intramyocardial injection and follow-up

analyses were performed by an operator blinded to treatment group.

2.2.2 Echocardiography

Echocardiography was performed using a similar procedure to that described in
section 2.1.7. In brief, cardiac function was analyzed by echocardiography at baseline prior
to treatment (7 days post-MI) as well as 2 days and 28 days post-treatment injection. Using
the Vevo3100 system with a MX400 series real-time microvisualization scan head probe
(VisualSonics), transthoracic echocardiography was performed in B mode to capture the long
axis view of the LV. Vevo LAB 3.1.1 software (VisualSonics) was used to calculate measures
of cardiac function from long axis echocardiograms including: LVEF, SV, ESV, EDV, and

CO.
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2.2.3 RNA Sequencing and Differential Expression Analysis

Two days after treatment injection, hearts were harvested, perfused with PBS, and
the LV tissue was snap frozen with liquid nitrogen. Frozen LV tissue was ground into a fine
powder in liquid nitrogen using a mortar and pestle. From 30 mg of ground LV tissue, RNA
was isolated using the RNeasy® mini kit (Qiagen 74004) according to the manufacturer’s
instructions. On-column DNase digestion was also completed using an RNase-Free DNase
set (Qiagen 79254) following the manufacturer’s protocol. RNA quality was determined
using the RNA 6000 Nano kit (Agilent 5067-1511) and 2100 Bioanalyzer (Agilent). RN
values for all samples were in the 8.2-8.6 range and were automatically calculated by the
2100 Expert software (Agilent). Next generation RNA sequencing was completed by
Genome Quebec. An mRNAseq stranded library was prepared with NEBNext dual adaptor
sequences (New England Biolabs) from 500 ng of sample RNA. Next generation RNA
sequencing was performed on mRNA libraries using the NovaSeq 6000 S2 PE100 system
(Illumina) with a sequencing depth of 50 million reads per sample. Differential expression
analysis was completed by the Canadian Centre for Computational Genomics (C3G). The
MUGIC pipeline from their Genpipes platform was used*’’. In summary, RNAseq reads were
trimmed and adaptors were removed using Trimmomatic®’!, trimmed reads were aligned to
the reference genome (Mus musculus assembly GRCm38/mm10) using STAR?’?, and
aligned reads were mapped to transcripts with their abundance measured by fragments per
kilobase of exon per million fragments mapped (FPKM) using the Cufflinks program?’>.
Differential expression analysis was completed using edgeR?’**”. Briefly, normalization and
dispersion factors were calculated, then a generalized linear model (GLM) was fitted for all

treatment groups and comparisons were made between PBS vs. rHCI, rHCI vs. sham and
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PBS vs. sham using the GLM likelihood ratio tests (LRT) function. A Benjamini Hochberg
false discovery rate was used to determine significance of differentially expressed genes per
treatment group. Using the lists of differentially expressed genes, enriched gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms were analyzed using

R software for PBS vs. sham and rHCI vs. sham comparisons. Finally, Enrichr?’¢278

analysis
was used to determine significantly enriched mammalian phenotypes (from the mouse
genome informatics, MGI, database) and GO molecular pathways from PBS vs. sham and

rHCI vs. sham differentially expressed gene lists. For PBS vs. rHCI differentially expressed

genes, a heatmap was created using heatmap.2 and hierarchical clustering functions in R.
2.2.4 Quantitative Polymerase Chain Reaction to Validate Gene Candidates.

QPCR primer sequences (see Table 2.2) were designed to detect mouse mRNA
transcripts of: glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (NM_001289726.1),
chemokine ligand 22 (CCL22) (NM 009137.2), and erythroid differentiation regulator 1
(ERDR1) (NM_13362.2) using Primer Blast (NCBI). GADPH'?” and ERDR 127*?% primers
have been used previously. SMARTScirbe® reverse transcriptase kit (Clontech 639538)
along with random hexamer primers (ThermoFisher SO142) and a 10 mM deoxynucleotide
triphosphate mix (ThermoFisher 10297018) was used to produce cDNA from 1 pug of sample
RNA, according to the manufacturer’s protocol. Primer sequences were validated using
endpoint PCR (Figure 2.5). Endpoint PCR was run with GoTaq® Flexi DNA Polymerase kit
(Promega M8291), using 0.2 uM of each forward and reverse primer, and 3 mM MgCl,
following the manufacturer’s protocol. Amplicons were run on 2% agarose gels with
RedSafe™ Nucleic Acid Staining Solution (iNtRON 21141) at 120V for 30 min. Gels were

imaged using a ChemiDoc Gel Imaging system (Bio-Rad). QPCR was run for each target
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gene with LightCycler® 480 SYBR Green I Master reagent (Roche 04707516001). The final
reaction mixture contained: 1X SYBR Green I Master Mix, 0.2 uM each of forward and
reverse primers, and 1:5 dilution of cDNA (ERDRI1 assay) or 1:2 dilution of cDNA (CCL22
assay). Three replicates were run per sample. The reactions were run using a LightCycler®
480 thermocycler (Roche) with an amplification program of: initial denaturation at 95°C for
5 min and 45 cycles of 95 °C for 15 sec, 58°C for 20 sec and 72°C for 20 sec. Threshold cycle
values (Ct) were calculated using the LightCycler® 480 software version 1.2.9.11 (Roche).
The AACt value for target gene expression in each sample was calculated by first finding the
difference in Ct between the target gene and the house keeping gene in the sample (ACt).
Then the difference between the sample ACt and the average sham sample ACt was used to
calculate AACt for each sample. The fold change in target gene expression from sham mice
for each sample can then be calculated as 2"-AACt. Values were Log transformed prior to

statistical analysis.
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200 bp

Primer Sequence 5’ -3’

ERDR1 Forward CAG TGA TGT CAC CCA CGA AA
ERDR1 Reverse GGCATT TCT GTA CGC AGT CA

B
200 bp } \
Primer Sequence 5’ -3’
CCL22 Forward CCT TCT TGC TGT GGC AAT TC
CCL22 Reverse ACG GTT ATC AAA ACA ACG CC

Figure 2.5. QPCR primer validation for RNA sequencing target genes that are differentially
expressed between PBS and rHCI-treated mice. QPCR gene expression analysis was
completed for A) erythroid differentiation regular 1 (ERDR1) and B) c-c motif chemokine
ligand 2 / macrophage derived chemokine (CCL22). Gel images show the end point PCR
product for each primer pair run on 2% agarose gels (expected product size of 200 bp). The
melt curve analysis from the qPCR runs shows a single PCR product. Primer sequences are
indicated in the lower tables.

2.2.5 In Situ Hybridization to Detect ERDR1 Within Cardiomyocytes

In situ hybridization (ISH) to detect ERDRI expression in cardiomyocytes of MI

281

mouse heart tissue was performed using RNAscope® technology“®'. Hearts were harvested
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at the day 2 endpoint and perfused with PBS to remove blood. Hearts were incubated in OCT
for 2 min, then ventricles were filled with OCT. Finally, the hearts were embedded in OCT
in a cryomold and snap frozen in liquid nitrogen. Cryosectioning of the hearts was completed
at -15°C starting 250 um from the apex of the heart. Section thickness was 10 pm. One section
per mouse, 2170 pm from the apex, was prepared for the RNAscope assay by following the
fresh frozen section pre-treatment protocol and reagents (ACDbio 322381). Detection of
ERDRI transcripts was completed by using the Multiplex Fluorescent v2 assay kit (ACDbio
323100) and Mus Musculus-Erdrl probe (ACDbio 465101, in HRP-C1), following the
manufacturer’s instructions. Opal 620 dye (Akoyabio FP1495001KT, 1:750) was used to
detect the ERDR] signal. Control probes used to test RNA integrity and background signal
were: 3-plex Positive Control Probe Mus Musculus (ACDbio PN 320881) and 3-plex
Negative Control Probe (ACDbio PN 320871). The negative control probe detects the DapB
bacterial gene. The positive control probe detects DNA-directed RNA polymerase II subunit
RPBI1 (Polr2A) transcripts, a gene that is expressed at low levels in all cell types at 3-10
copies per cell, which is used to confirm RNA quality. Following ERDRI ISH,
immunohistochemistry (IHC) to detect cardiomyocytes was performed. Sections were rinsed
in Tris buffered saline (TBS) buffer with 0.05% Tween 20 (TBST) then blocked in 10% FBS
for 1 hour at room temperature. Sections were incubated with the primary antibody for
cardiac troponin I (Abcam ab188877, 1:200) and AF488-labeled WGA (ThermoFisher
W11261, 1:50) overnight at 4°C. The sections were then washed in TBST, incubated with
anti-goat AF647 (Life Technologies A21447, 1:250) and DAPI (10 pg/mL) and slides were
mounted using ProLong® Gold antifade mountant (ThermoFisher). Slides were imaged
using a Leica Aperio Versa slide scanner at 20X magnification. Image analysis was

performed in QuPath software (see Figure 2.6). Briefly, a pixel classifier was trained on
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sample regions from images within the data set to detect cardiac troponin’, WGA regions
that contain cardiomyocyte nuclei and WGA", cardiac troponin™ areas that contain all other
nuclei. The cell detection algorithm was run to detect DAPI" nuclei, then the subcellular
detection algorithm was used to detect puncta of ERDR] signal. The pixel classifier was then
used to classify the cells as cardiomyocytes or ‘other’. A script was then run to classify three
levels of ERDRI expression as bins of transcripts per cell: 1-7, 8-15 and >15, in addition to
negative cells. An H score was calculated as: 1x(percentage of cells 1-7 transcripts per cell)
+ 2x(percentage of cells 8-15 transcripts per cell) + 3x(percentage of cells >15 transcripts per
cell). H Scores can range from 0-300 with 300 being 100% of cells have greater than 15

ERDRI1 transcripts.

A Negative Positive PBS rHCI
DapB Polr2A ERDR1 ERDR1

B Original Image Pixel Classifier Cell Detection

WGA

Figure 2.6. In situ hybridization detection of erythroid differentiation regulator 1 (ERDR1)
in heart tissue after myocardial infarction. A) RNAscope multiplex fluorescent detection kit
was used to detect ERDR1 mRNA transcripts in mouse heart tissue. Hearts were harvested
two days post-treatment and fresh frozen tissue sections were prepared for in situ
hybridization. The negative control probe detects the DapB bacterial gene. The positive
control probe detects DNA-directed RNA polymerase II subunit RPB1 (Polr2A) transcripts,
a gene that is expressed at low levels in all cell types at 3-10 copies per cell. Scale bars are
50 um. B) ERDR1 ISH was combined with IHC for cardiac troponin I (¢Tnl, purple), wheat
germ agglutinin (WGA, green) and DAPI (blue). A pixel classifier was trained from multiple
sample regions of images in the data set using QuPath software. The pixel classifier
distinguished areas with cardiomyocytes (red) from non-cardiomyocyte areas (green). After
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cell detection for DAPI positive nuclei and subcellular detection of ERDR1 signal, cells were
classified as cardiomyocytes (red cell outlines) or non-cardiomyocytes (green cell outlines)
using the pixel classifier areas. The level of ERDR1 expression in cardiomyocytes and non-
cardiomyocytes was determined. Scale bar represents 10 pm.

2.2.6 Histology and Immunohistochemistry

Heart tissue sections were prepared as described previously for the ISH assay. Briefly,
at both the 2- and 28-days post-injection endpoints, hearts were harvested, perfused with
PBS, embedded in OCT, and snap frozen in liquid nitrogen. Sections of 10 pm were cut using
a cryostat beginning 250 pm from the apex. To examine myocardial salvage and fibrosis,
tissue sections were fixed in 10% formalin for 20 min and stained with Masson’s trichrome
procedure (Sigma, HT15-1KT). For immunohistochemistry, tissue sections were fixed in
acetone for 20 min at 4°C, permeabilized with 0.1% Triton for 10 min and then blocked in
10% fetal bovine serum for lh at room temperature. Primary antibodies were applied
overnight at 4°C in 10% serum. Slides were then washed in PBS with 0.05% Tween 20
(PBST), incubated with secondary antibodies and DAPI (10 pg/mL) for 1h at room
temperature. Finally, slides were mounted with ProLong® Gold antifade mountant
(ThermoFisher). For the detection of blood vessels and myofibroblasts, PECAM-1 (also
known as CD31; Santa Cruz 101454, 1:50) and a-SMA (Abcam ab5694, 1:200) antibodies
were used and detected with AF594 anti-rat (Life Technologies A11007, 1:500) and AF488
anti-rabbit (Life Technologies A11008, 1:500), respectively. M2 macrophages were detected
by AF488 conjugated anti-CD206 antibody (Biolegend 141710, 1:50). As a marker of
oxidative stress, 4HNE antibody (Abcam ab46545, 1:100) was used and detected with AF488
anti-rabbit (Life Technologies A11008, 1:500). For T-regulatory cell IHC, primary
antibodies used were anti-CD3 (Abcam ab16669, 1:400) and anti-FOXP3 (Thermofisher 14-
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5773-82, 1:100) and were detected with AF488 anti-rabbit (Life Technologies A11008,
1:600) and AF594 anti-rat (Life Technologies A11007, 1:600). For methylglyoxal-derived
hydroimidazolone-1 (MG-H1) detection, the IHC protocol was modified in the following
ways: triton permeabilization was not used, PBST was buffer was replaced by TBS buffer
with 0.05% Tween 20 (TBST) and blocking was performed for 2 hours at room temperature
using anti-mouse FAB fragment antibody (Jackson ImmunoResearch AB 2307338, 1:25)
in 10% FBS. Antibodies for MG-H1 (Cell Biolabs STA-011, 1:80), collagen type I (Abcam
ab34710, 1:100) and cardiac troponin I (Abcam ab188877, 1:200) were used and detected by
AF488 anti-mouse (Life Technologies A21202, 1:500), AF594 anti-rabbit (Life
Technologies A21207, 1:500), and AF647 anti-goat (Life Technologies A21447, 1:250). For
cardiomyocyte staining of day 28 tissue, sections were fixed in 4% PFA at room temperature
rather than acetone. The same general immunohistochemistry procedure as described above
was used. Sections were incubated with AF488-labeled WGA (ThermoFisher W11261, 1:50)
and cardiac troponin I primary antibody (Abcam ab188877, 1:200) and detected by donkey
anti-goat AF568 secondary antibody (Life Technologies A-11057, 1:250). TUNEL staining
for apoptotic cardiomyocytes was performed using the Click-iT™ Plus TUNEL Assay with
AF488 detection according to the manufacturer’s protocol (ThermoFisher C10617).
Following the TUNEL kit procedure, immunohistochemistry was then completed using the
cardiomyocyte staining protocol described above with the following modifications: AF555
WGA (ThermoFisher W32464, 1:25) was used, slides were washed with 3% bovine serum
albumin (BSA) in PBS, and the cardiac troponin antibody was detected by AF647 anti-goat
secondary antibody (Life Technologies A21447, 1:250). AF594 rHCI hydrogel sections were
stained with MG-H1 and collagen 1 or DAPI only using the immunohistochemistry protocols

described above. Full scans of 2-4 sections per mouse were taken with the 20X objective of
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a Leica Aperio Versa slide scanner with an 8x1.5 um step Z-stack. Sections for one mouse
were each separated by 480 pm. For the AF594 rHCI hydrogel sections counterstained with

DAPI, 5 sections separated by 480 um each were imaged.
2.2.7 Image Analysis for Histology Experiments

Image analysis for TUNEL, CD206, and T regulatory lymphocyte IHC experiments
was done manually using Aperio Imagescope version 12.4.0.5043. For 4HNE (Figure 2.7),
CD31 (Figure 2.8), MG-H1 (Figure 2.9 and 2.10), Masson trichrome (Figure 2.11A-B), and
cardiomyocyte (Figure 2.11C-E), IHC image analysis was completed in QuPath software?*?.
Pixel classifiers were trained to detect positive staining areas. Training was performed on
sample regions from images within a data set. To train a classifier, positive staining areas
from one or multiple fluorophores were marked along with negative background staining.
Either a random trees or artificial neural network classifier was used for all fluorescent
signals of interest. Gaussian and Laplacian of gaussian features were included for all. For
detecting cardiomyocytes from non-myocytes in the analysis of IHC staining, local mean and
variance subtraction was used in the classifier. For WGA and cardiomyocyte IHC at day 28,
manual correction of detected cardiomyocytes was necessary to accurately analyze the cell
area. For CD31 staining the cell detection and classification algorithms in QuPath were also
used to classify DAPI positive nuclei based on the CD31 pixel classifier. For all IHC stains,
cell density or positive staining area was expressed relative to the infarct, borderzone, or
remote tissue area. TUNEL positive cardiomyocyte density was expressed relative to the total
cardiac troponin positive area in each region. The borderzone was defined as the region that

began immediately adjacent to the infarct tissue, where 50% of the LV thickness is fibrosis,
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and extended no further than 3 fields of view at 20X (250 pm x 250 pm) away from the

infarct.

A B
-
Figure 2.7. Pixel classifier used for image analysis to detect the level of 4HNE adducts in
heart tissue 2 and 28 days after treatment injection in mouse MI model. A) An sample image
of 4-hydroxynoneal (4HNE) staining (green) and (B) the trained pixel classifier (purple) used
for automated detection of 4HNE positive area. The pixel classifier was trained and used for
image analysis in QuPath software. The pixel classifier was trained by marking 4HNE

positive and negative areas in sample regions from images within the dataset. Scale bar is 50
pm.

| B | .
Figure 2.8. Pixel classifier used to detect CD31 positive endothelial cells in heart tissue 2
days after treatment injection in a mouse MI model. A) IHC staining was done on heart
sections to detect CD31" (red) capillaries with DAPI (blue) being used as a marker for nuclei.
B) A pixel classifier was trained on sample regions to detect CD31" areas (green). C) DAPI*
nuclei in those regions were classified as CD31" cells (green outlines) and all other nuclei

were classified as negative (red outlines). Scale bars are 20 um. The pixel classifier training,
cell detection, and object classification algorithms were used in QuPath image analysis.
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Figure 2.9. Development of a methylglyoxal adduct classifier within QuPath software. Heart

tissue sections were stained with antibodies for methylglyoxal adducts

collagen type I (Coll

(MG-H1, green),

white), cardiac troponin (cTnl, red) and DAPI (blue). Pixel classifiers

b

in QuPath were trained by marking positive and negative areas on sample regions from
images in the dataset. A) An example of MG-H1" area detection using a MG-H1 classifier
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(yellow). B) Another classifier was trained to detect cardiomyocytes (light red) and collagen
(olive). By combining the pixel classifiers, MG-H1 adducts on collagen (C) and within
cardiomyocytes (D) were measured. Scale bars are 50 um.

{

AF-rHCI Area

"

MG-H1 Classifier

Figure 2.10. A pixel classifier was used to detect methylglyoxal modifications in rHCI
hydrogel two days post-injection. Seven days after MI, mice received intramyocardial
injection of rHCI hydrogel tagged with AlexaFluor 594 (AF). Hearts were harvested 2 days
after treatment injection for histology. Heart sections were stained with anti-MG-H1 antibody
to detect methylglyoxal adducts (green) and DAPI counterstain (blue). The rHCI hydrogel
tagged with AF594 appears in red. QuPath software was used to train pixel classifiers to
detect (B) AF594-rHCI (dark red). C) The area of rHCI is outlined in white. D) A pixel
classifier was also trained to detect MG-H1 (yellow). E) The percentage of the rHCI hydrogel
(white outline) that is positive for MG-H1 (yellow, pixel classifier trace) is then determined.
Scale bars are 50 um.
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Figure 2.11. Pixel classifiers used to detect muscle and fibrosis in Masson’s trichome
staining and cardiomyocytes from IHC stained heart sections. Seven days after MI, mice
received intramyocardial injection of PBS or rHCI hydrogel. Twenty-eight days after
treatment injection, hearts were harvested for histology. A) Heart sections were stained with
Masson’s trichome procedure to detect fibrosis (blue) and muscle (red). B) A pixel classifier
was trained in QuPath software to detect fibrosis (blue) and muscle (red). Scale bars are 500
um. C) IHC staining for cardiomyocytes using cardiac troponin I (¢Tnl, red) and wheat germ
agglutin (WGA, green) to detect cell borders. D) A pixel classifier (PC) was used to detect
WGA" cardiomyocyte cell borders. E) Cardiac troponin’ cardiomyocytes (grey) were
identified from the inverse of the PC area and manual correction. Scale bars are 500 pm.
QuPath software was used for image analysis.
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2.2.8 Mitochondrial Aldehyde Dehydrogenase 2 Activity Assay

Hearts were harvested two days after treatment injection and perfused with PBS. The
remote myocardium was dissected from the infarct/borderzone and snap frozen in liquid
nitrogen. Remote LV tissues were thawed in homogenization buffer on ice. The
homogenization buffer contained cOmplete® ethylenediaminetetraacetic acid (EDTA)-free
protease inhibitor cocktail (Roche 4693132001) and PhosSTOP® phosphatase inhibitor
cocktail (Roche 4906837001) dissolved in PBS. Thawed, remote LV tissue and 2 volumes
of homogenization buffer were then added to Green Eppendorf Lysis kit tubes for the bullet
blender homogenizer (Next Advance GREENES). Tubes were homogenized in a blue
BBX24B bullet blender homogenizer (Next Advance) at 4°C, on speed 8 for 4 min. The
homogenates were then processed using the mitochondrial aldehyde dehydrogenase
(ALDH2) activity assay kit from Abcam (ab115348) following the manufacturer’s
instructions. Briefly, protein was extracted from the homogenates by incubation with 4
volumes of kit extraction buffer on ice for 20 min. Protein extracts were isolated by
centrifugation at 16000 x g for 20 min at 4°C. Protein concentration for each extract was then
determined using the Pierce® BCA protein assay kit (ThermoFisher 22352). Extracts were
stored at -80°C overnight. Extracts were diluted to 2000 pg/mL in incubation buffer and
added to the ELISA plate for ALDH2 capture. Two replicates per sample were run.
Following a 3-hour incubation at room temperature, the samples were washed and then
nicotinamide adenine dinucleotide (NAD"), coupler and reagent dye mixture was added to
each sample well. The plate was then analyzed by a kinetic reading of absorbance at 450 nm.
As NAD" is reduced by ALDH2, the increasing acidity of the solution leads to greater 450

nm absorbance from the reagent dye. The reaction was run for 120 min and the absorbance
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at 450 nm was measured every minute. The rate of change in optical density overtime was
calculated for each sample replicate. A blank sample was run that contained only incubation

buffer and no protein extract to measure for background 450 nm absorbance over time.
2.2.9 Cell Isolation and Flow Cytometry for Monocyte Subsets

The cell isolation and flow cytometry procedure described previously in section
2.1.13 was used with the following specified modifications. In brief, two days post-treatment
injection, cells were isolated from harvested mouse hearts. The cells were then incubated
with an antibody cocktail containing CD45-APC/Fire 750 (1:160, Biolegend 30-F11),
CD11b-PE/Cy7 (1:80, Biolegend M1/70), Ly6G-PerCP/Cy5.5 (1:160, Biolegend 1AS8),
F480-AF647 (1:100, Biolegend BM8), Ly6C-BV421 (1:80, BD Biosciences AL-21), CD86-
PE (Biolegend 105008, 1:160) and anti-CD206 antibody (Biolegend 141710, 1:80). Flow
cytometry was performed using a BD FACS Aria III and data was analyzed with FlowJo
V10.5.2 software. M2 macrophages were detected using the gating strategy employed
previously (see Figure 2.4) with minor modifications. Macrophages were detected as single
live cells that were CD45"CD11b"Ly6GF480". The percentage of CD206" macrophages was
then determined using a threshold set from a CD206AF488 fluorescence minus one control
sample. This percentage was then converted to M2 macrophage density per mg of heart tissue
by using the known live cell density of the cell suspensions (counted by trypan blue exclusion

in a hemocytometer) and the mass of tissue used to make the cell suspension.
2.2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0.0 software. The two

exceptions were: the previously described differential gene expression analysis that was
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performed in R and the slope for the ALDH?2 activity assay was calculated in Excel. All data
are presented as the mean + SEM. For the echocardiography and strain data, a mixed-effects
two-way ANOVA was used. This was followed by Holm’s correction for multiple
comparisons. The comparisons made were between treatment groups at a given time point
and within each treatment group over time. For the qPCR and flow cytometry assays with
three treatment groups, a one-way ANOVA was run with Tukey-corrected multiple
comparisons between treatment groups. For the histology and ALDH2 activity data an
unpaired t-test was used to compare two treatment groups at a given timepoint or region in

the heart. Significance was determined by FDR < 0.05.
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Gene Forward Reverse
a-SMA GCCCAGCTTCGTCGTATTCC ACGGCCGCCTCCTCTTCCTC
MMP-1 GTG CTC TCC TTCCACAGAGG GGTCCACGTCTCATCAAGGT
MMP-2 AAGGATGGACTCCTGGCACATGCCTTT ACCTGTGGGCTTGTCACGTGGTGT
MMP-9 AAGGACGGCCTTCTGGCACACGCCTTT GTGGTATAGTGGGACACATAGTGG
TIMP?2 CGTTTTGCAATGCAGACGTA GAATCCTCTTGATGGGGTTG
TIMPI GTAAGGCCTGTAGCTGTGCC AGGTGGTCTCGTTGATTCGT
Argl AAAGCTGGTCTGCTGGAAAA ACAGACCGTGGGTTCTTCAC
188 AAACGGCTACCACATCCAAG CCTCCAATGGATCCTCGTTA
Table 2.1. List of qPCR primers for aims 1 and 2.
Primer Sequence 5° — 3’
ERDRI Forward CAG TGA TGT CAC CCA CGA AA
ERDRI Reverse GGC ATT TCT GTA CGC AGT CA
CCL22 Forward CCT TCT TGC TGT GGC AAT TC
CCL22 Reverse ACG GTT ATC AAA ACA ACG CC
GAPDH Forward TGA AGG GGT CGT TGA TGG
GAPDH Reverse AAA ATG GTG AAG GTC GGT GT

Table 2.2. Primer sequences used in aim 3 for gPCR validation of genes of interest that are
differentially expressed between PBS- and rHCI-treated mice. Primers were developed for
gPCR detection of erythroid differentiation regulator 1 (ERDR1), c-c motif chemokine ligand
2 (CCL22; also known as macrophage derived chemokine), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). All primers were designed based on the mm10 mouse genome.
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Chapter 3: Results

3.0 Disclosure Statement

E.ILA., EJ.S., and M.R. are listed inventors in a patent application for the rHC materials

presented in this study.

3.1 Injectable Human Recombinant Collagen Matrices Limit Adverse Remodeling and
Improve Cardiac Function after Myocardial Infarction.

Results text and figures for aims 1 and 2 were published in McLaughlin and McNeill et.al.
Nature Communications 10 (2019) 4866. The content is presented here with minor
modifications.

Sarah McLaughlin!?’, Brian McNeill'’, James Podrebarac'?, Katsuhiro Hosoyama!,
Veronika Sedlakova', Gregory Cron®, David Smyth*, Richard Seymour', Keshav Goel',
Wenbin Liang®’, Katey J. Rayner®’, Marc Ruel'?, Erik J. Suuronen’*® and Emilio 1.
Alarcon!7#

'BioEngineering and Therapeutic Solutions (BEaTS), Division of Cardiac Surgery,
University of Ottawa Heart Institute, 40 Ruskin street, Ottawa, ON, Canada, K1Y4W7.
’Department of Cellular & Molecular Medicine, University of Ottawa, Ottawa, 451 Smyth
Road, Ottawa, ON, Canada, K1H8MS5. *Department of Radiology, Faculty of Medicine,
University of Ottawa, 501 Smyth Road, Ottawa, ON, Canada K1H8L6. *Cardiac Function
Laboratory, University of Ottawa Heart Institute, 40 Ruskin street, Ottawa, ON, Canada,
K1Y4W7.Cardiac Electrophysiology Lab, University of Ottawa Heart Institute, 40 Ruskin
street, Ottawa, ON, Canada, K1Y4W?7. °Cardiometabolic microRNA Laboratory, University
of Ottawa Heart Institute, 40 Ruskin street, Ottawa, ON, Canada, K1Y4W7. "Department of
Biochemistry, Microbiology, and Immunology, University of Ottawa, 451 Smyth Road,
Ottawa, ON, Canada, K1H8MS. "These authors contributed equally: Sarah McLaughlin,
Brian McNeill. ®These authors jointly supervised this work: Erik J. Suuronen, Emilio I.
Alarcon.

3.1.1 Authors Contributions

The echocardiography analysis of rHC hydrogel impact on cardiac function was done
by me, with an initial trial being done by Brian McNeill. I was responsible for the Vevostrain
analysis. I completed all follow-up histology analyses at day 28 post-rHC injection and for

the short-term follow-up of AF594-tagged hydrogels. I designed and completed the flow
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cytometry study of mouse leukocyte subsets in response to rHC injection. I also optimized
and prepared all AF594-tagged hydrogels and completed the intramyocardial injection for
these gels. I completed the IVIS analysis of tHC degradation in vivo, with help running the
IVIS from Gregory Cron. David Smyth provided technical help and expertise running the
flow cytometer. For the MI mouse model, MI surgeries were done by Richard Seymour and
intramyocardial injection of untagged rHC hydrogels was done by Brian McNeill. The
Cx3Crl-GFP flow cytometry study as well as the BMDM cell culture analyses were
completed by Brian McNeill. The NRVM studies were completed by Katsuhiro Hosoyama.
The development and preparation of rHCI and rHCIII hydrogels was done by initially by
James Podrebarac and then later by me. Physical characterization of the rHC hydrogels was
completed by James Podrebarac. Veronika Sedlakova assisted with some of the AF594
animal studies and completed the electrocardiogram data analysis. Keshav Goel assisted in
writing SOPs for the rHC hydrogels. I completed most of the statistical analysis for this study.
Study design and trainee supervision was done by Wenbin Liang, Katey Rayner., Marc Ruel,
Emilio Alarcon, and Erik Suuronen. Manuscript preparation was done by me, Brian McNeill,

Emilio Alarcon, and Erik Suuronen, with input from all authors.
3.1.2 Brief Introduction to the Results for Aims 1 and 2

Herein, we report the first injectable biomaterials made from recombinant human
collagens type I and type III in order to produce a clinically translatable material for cardiac
therapy. Notably, these proteins have been previously used for the fabrication of corneal
implants, which were demonstrated to be safe when transplanted in humans®*!. We
investigated the pre-clinical performance of our injectable rHCI and rHCIII materials in a

well-established mouse model of MI?**. Intramyocardial injections of tHCI or rHCIII are
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administered to mouse hearts at 1-week post-MI, which is a model for patients who have a
delay in getting medical attention (e.g. remote location, or ignore early signs after heart
attack) or who do not adequately respond to conventional treatment, and are at greater risk

of ECM remodeling and developing heart failure?$2%3

. This time-point constitutes the
proliferative phase of infarction during which scar formation is initiated (mice: 2-7d; humans:
4-14d) and is a prime opportunity to intervene to limit pathological ECM remodeling and
promote infarct repair'®?%6-2%8 The primary outcome is cardiac function determined by
echocardiography 28 days after treatment, and we assessed cardiac morphology, ventricular
remodeling, vascularization, and inflammation in the MI heart in response to rHC treatment.
In addition, we used in vitro studies to elucidate how macrophages interact with the rHC
materials. Our results highlight the potential for a clinically relevant biomaterial based on
human recombinant collagen to be used as therapy for the amelioration of cardiac function

post-MI through the promotion of a wound healing environment, cardiomyocyte survival,

and reduced pathological remodeling.
3.1.3 Synthesis and Characterization of rHC Matrices

The collagen formulations used in this work were developed as thermo-responsive
matrices to ensure their retention within the myocardium upon intramyocardial injection. In
designing the materials, the goal was to have a gelation time of less than 10 min to allow
sufficient time for injection in liquid form with minimal time required for subsequent
gelation. The same total concentration of collagens (rHCI and rHCIII) and the crosslinker
agents EDC and NHS was used to maintain consistency in the chemical composition between
the rHCI and rHCIII matrices. Our rHC matrices are also glycosylated, containing the

glycosaminoglycan chondroitin sulfate C (Figure 3.1A). The hydrogels are then cross-linked
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in situ and assembled into a 3D matrix to provide a biomimetic niche for promoting

endogenous repair within the infarcted myocardium.

Once cross-linked, the resulting rHCI and rHCII matrices had equivalent
denaturation temperatures of >45°C (Figure 3.1B). Similarly, water content of both tHC
hydrogels was determined to be ~94% (p=0.47). The rHCI matrices were degraded =4 times
more quickly than the rHCIII matrices upon exposure to collagenase (Figure 3.1C) and also
had 2.9-fold lower viscosity (Figure 3.1D). Porosity is critical for cell infiltration and
engraftment, and pore sizes of 9.3+0.3 and 294+1.0 pm were measured for the rHCI and
rHCIII matrices, respectively (Figure 3.1E). The presence of chondroitin sulfate did not affect
either the denaturation temperature or the porosity of the material (Supplementary Figure
S1A & B). To characterize the injection and retention properties of the collagen matrices,
they were labeled with Alexa-Fluor®594-NHS dye prior to injection to the MI mouse heart.
Ex vivo fluorescence imaging revealed that the injected rHCI and rHCIII matrices were
localized and retained within the injection site for at least up to 7 and 2 days, respectively.
This was also confirmed by histological analysis of the infarct region using the labelled
matrix fluorescence emission (Figure 3.1F). Based on these labeling techniques, the injected
rHC matrices appear to localize primarily within the epicardial tissue spreading across the
infarct and border zone areas. This was also observed in fluorescent imaging and H&E
staining of tissue sections at an earlier 2h post-delivery time-point (Supplementary Figure
S2A & B). Sections at different depths from the apex to the base of the rHC-treated hearts
further confirm the presence of the rHC material within the epicardium and its spread over

the infarct and border zone areas at 2h post-injection (Supplementary Figure S2C & D).
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In summary, the characterization of the rHC materials indicate that they possess
physical properties (denaturation at higher than body temperature, degradability by
collagenase and porous structure), and in vivo properties (they remain in the infarct area for
at least 2 days post-injection) that make them good candidates as injectable materials for

treating the infarcted myocardium.
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degradation in collagenase (mg/min; n=3), and (D) viscosity measurements (Pa-s; n=7) for
rHCI and rHCIII matrices. (E) Pore size distribution for the rHCI (gray bars) and rHCIII
(black bars) matrices calculated from 250 individual pores per sample. Inset: Representative
Cryo-SEM images of the rHC matrices. Scale bar = 200um. (F) Representative images of ex
vivo imaging of MI mouse hearts at 2h and 2 days after treatment with rHCI and rHCIII
matrices, labeled using Alexa-Fluor®594-NHS dye. Bottom histograms display the average
total fluorescence emission for the different time-points (n=4). Also shown are representative
histological sections of the myocardium at 2 days post-injection. Arrows indicate
representative regions containing the collagen matrices labelled with the fluorescent dye. P
values were determined by a 2-tailed t-test for rtHCIII and ANOV A with Dunnett’s correction
for rHCI. For B-D =+ data is presented as the mean + SD and in F + corresponds to SEM.
Source data are provided as a Source Data file. For B-E, n indicates number of hydrogel
batches. For F, n is the number of mice per group.

3.1.4 rHC Matrix Improves Post-MI Cardiac Function and Morphology

The therapeutic potential of the rHC matrices was tested using a mouse model of MI
with the primary endpoint being LVEF 28 days after treatment. One week after MI, mice
were randomized to receive intramyocardial injection of rHCI matrix, rHCIII matrix or PBS
(control). Treatment with rHCI resulted in an improvement in LVEF from 34.6+1.6% at
baseline to 44.2+1.9% at 28 days post-treatment; whereas LVEF between baseline and
follow-up was unchanged for rHCIII-treated hearts and it deteriorated in hearts that received
PBS (Figure 3.2A). At 28 days, LVEF was greater in hearts treated with rHCI or rHCIII
matrix compared to PBS-treated hearts (Figure 3.2A). Similar to PBS treatment, the injection
of pure non-cross-linked collagens (rHCI or rHCIII) resulted in a reduction in LVEF
(Supplementary Figure S3), which indicates that rHCI and rHCIII require assembly into a

crosslinked 3D matrix to confer their positive effects on post-MI cardiac function.

For other parameters of cardiac function, the FAC at 28 days relative to baseline was

superior in rHCI-treated hearts compared to PBS and rHCIII treatment (Figure 3.2B). The
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change in ESV was reduced in rHCI-treated hearts compared to the other 2 groups (Figure
3.2C), whereas no difference was observed for EDV (Figure 3.2D). ESV at 28 days was
increased in the PBS group compared to rHCI matrix-treated mice (Supplementary Figure
S4A), indicating worse remodeling and a worsening of cardiac function in the PBS-treated
mice. For EDV at 28 days, no difference was observed between groups, but it was
significantly increased for rHCIII-treated hearts at 28 days compared to its baseline
(Supplementary Figure S4B). Also, both the rHCI and rHCIII treatments improved the fold
change in SV and CO from baseline to follow-up vs. PBS-treated hearts (Figure 3.2E & F).
Notably, the tensile elasticity of the infarcted myocardium was restored by rHCI and rHCIII
treatment at 2 days post-injection to levels comparable to that of the healthy myocardium,
and this was maintained up to 28 days for rHCI (Figure 3.2G). In contrast, elasticity of the
PBS-treated infarcted myocardium was severely compromised after 2 days and was too weak
to undergo testing at 28 days due to the extreme thinning and frailty of the ventricular wall.
In vivo, analysis of longitudinal endocardial strain through speckle tracking
echocardiography?®® demonstrated a significant improvement in the strain reached by the mid
anterior LV wall at end systole, which is marked by the aortic valve closure (AVC), two days
after injection of rHCI (Figure 3.2H). The mid anterior LV wall is the segment of the
myocardium targeted for hydrogel injection as it contains the accessible infarct borderzone.
The longitudinal endocardial strain becomes more negative during systole as the heart
shortens in this direction due to the stress placed on the myocardium during contraction. In
healthy animals, strain peaks at the AVC, which is an indicator of end systole and strain at
this point is a measurement of myocardial contractility (Supplementary Figure S5). There is
no difference in contractility between treatment groups in the infarct or remote myocardium

2 days post-injection (Supplementary Figure S5). Therefore, the strain analysis provides
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evidence that rHCI injection, but not rHCIIL, improves contractility in the borderzone area of
the LV wall where it was injected as compared to PBS treated animals. Neither rHC matrix
treatment affected the heart rate or any of the electrocardiographic parameters at 2 days post-
injection (Supplementary Table S1), with the exception of the PR interval for the rHCI matrix
group. This indicates that the rHC matrices do not negatively interfere with electrical

conductivity in the myocardium.

Cardiac remodeling can lead to enlargement of the heart in advanced stages post-MI.
While mice that received PBS treatment had enlarged hearts, this was prevented in mice
whose hearts were treated with rHCI matrix (Figure 3.3A & B). Coinciding with this reduced
remodeling, rHCI-treated hearts had greater remote ventricular wall thickness compared to
the wall thinning observed with PBS treatment (Figure 3.3C & D). Masson's trichrome
staining at 28 days showed that scar size was reduced by 37% and 31% for the rHCI and

rHCIII treatment groups, respectively, compared to PBS-treated hearts (Figure 3.3C & E).
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Figure 3.2. rHC matrices improve cardiac function post-MI and restore mechanical
properties. (A) Left ventricular ejection fraction (LVEF) at baseline (time of treatment
delivery) and at 28 days post-treatment (n=11 for PBS, n=15 for rHCI, and n=13 for rHCIII).
Significance determined by a two-way ANOVA followed by Holm’s correction for multiple
comparisons. (B-F) The change in (B) fractional area change (FAC), (C) end-systolic volume
(ESV), (D) end-diastolic volume (EDV), (E) stroke volume (SV), and (F) cardiac output
(CO) between baseline and 28 days post-treatment (n=11 for PBS, n=15 for rHCI, and n=13
for rHCIII). P values were determined by an ANOVA followed by Holm corrected multiple
comparisons. (G) Young’s modulus (YM) for scar/border zone tissue measured at 2 and 28
days (n=3-4). (H) Left: Strain force reached at the aortic valve closure within the mid anterior
LV wall at 2 days post-injection for the different experimental groups (n=5-12). Right:
Representative longitudinal strain curves for the PBS and rHCI groups. The yellow traces
correspond to the anterior mid region. Significance determined by a one-way ANOVA
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followed by Dunnett’s comparison as well as a two-tailed student’s t-test within a treatment
group over time. Data is presented as the mean + SEM. Source data are provided as a Source
Data file. For A-H, n indicates the number of mice per group.
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Figure 3.3. Morphology of MI hearts is improved by rHCI treatment. (A) Representative
images of hearts harvested 28 days after treatment (bar = 2mm). (B) Scatter plot for the heart
mass/tibia length ratio measured 28 days post-injection (n=8-9). P values were determined
by a one-way ANOVA followed by Holm’s multiple comparisons to PBS control. (C)
Representative Masson’s trichrome stained sections of hearts harvested at 28 days (bar = 1
mm). (D) Wall thickness of the remote myocardium measured in Masson’s trichrome stained
tissue sections at 28 days post-treatment (n=7-8). P values were determined by one-way
ANOVA using Holm's multiple comparison. (E) Scar size (% of LV) measured at 28 days
post-treatment in Masson’s trichrome stained tissue sections (n=7-8). P values were
determined by multiple regression analysis including treatment group (rHCI, rHCIII and
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PBS) and baseline LVEF. rHCI and rHCIII as compared to PBS were significant predictors
of infarct size, in addition to baseline LVEF. The correlation coefficient for the model is 0.6.
Data is presented as the mean = SEM. Source data are provided as a Source Data file. For A-
E, n indicates the number of mice per group.

3.1.5 Benefits of rHCI Matrix on Vascularity and Cardiomyocytes

To provide insight into the mechanisms underlying the functional benefit of rHC
matrix therapy, immunohistochemistry was performed to assess vascularity and
cardiomyocyte preservation in the scar and border zone at 28 days post-treatment. Although
no difference in vascular density (arterioles or capillaries) was observed in the scar area
between groups, the number of capillaries was increased in the border zone of the hearts
treated with rHCI or rHCIII matrix compared to PBS (Figure 3.4A). The area of cardiac
troponin I expression (a cardiomyocyte marker) was also shown to be greater in the border
zone of hearts treated with rHCI matrix compared to PBS treatment (Figure 3.4B), suggesting
greater preservation of cardiomyocytes. Notably, the level of connexin 43 expression in the

remote zone was greater for the rHCI matrix group compared to PBS (Figure 3.4C).
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Figure 3.4. rtHC matrix increases vascularity and preserves cardiomyocytes post-MIL. (A)
Immunohistochemistry analysis and quantification (number/mm?) of capillary and arteriole
number in the myocardial scar and border zone after treatment with PBS, rHCI or rHCIIL.
CD31, red; a-SMA, green; DAPI, blue (n=6-7). (B) Immunohistochemistry analysis and
quantification of total area (in mm? positive for cardiac troponin I (cTnl) staining in the
border zone after treatment with PBS, rHCI or rHCIIIL. ¢Tnl, red; wheat germ agglutinin,
green; DAPI, blue. (C) Immunohistochemistry analysis and quantification of connexin 43
(Cx43) expression (percent area) in the remote area after treatment with PBS, rHCI or rHCIIL
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Cx43, green; cTnl, red; DAPI, blue (n=6-7). P values were determined by one-way ANOVA
using Holm's multiple comparison. Data is presented as the mean = SEM. Source data are
provided as a Source Data file. For A-E, n indicates the number of mice per group.

3.1.6 rHC Matrix Treatment Alters Mononuclear Cell Recruitment.

Cell death post-MI stimulates an inflammatory response in the myocardium.
Promoting the polarization of pro-wound healing M2 macrophages over the pro-
inflammatory M1 macrophage phenotype has been shown to attenuate chronic inflammation
and improve cardiac repair post-MI'’. In our study, 28 days after rHCI matrix treatment there
was a ~1.5-fold increase in the number of CD206" M2 macrophages in the scar region
compared to the PBS group (Figure 3.5A). In response to death signals post-MI,
inflammatory cells home to the infarcted myocardium from the circulation after their
mobilization from the bone marrow. Therefore, we assessed the effect of rHC treatment on
the homing of bone marrow cells to the myocardium using Cx3cr1-EGFP mice, whose bone
marrow cells express green fluorescent protein (GFP). Our results showed a reduced total
number of recruited GFP™ cells in the left ventricle of hearts 2 days after treatment with rHCI
matrix vs. those treated with rHCIII or PBS (Figure 3.5B). By co-staining with inflammatory
cell markers, we observed that the number of recruited GFP'CD38" and GFP'CDI11b*

leukocytes was reduced in rHCI-treated hearts (Figure 3.5B).

For further characterization of mobilized monocytes, we evaluated peripheral blood
mononuclear cells in wild-type mice 2 days after treatment. There was an increase in the
overall number of circulating monocytes and a trend for increased numbers of Ly6C™
monocytes in the rHCIII-treated mice compared to rHCI (Figure 3.6A). No change in the

other types of blood monocytes was seen between groups (Supplementary Figure S6). In the
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myocardium, the rHCIII matrix increased the number of Ly6C™ monocytes 2 days after
treatment, compared to PBS and rHCI (Figure 3.6B), whereas there was no overall change
in the numbers of leukocytes, macrophages, Ly6C!® monocytes, neutrophils, T-cells, or B-
cells (Supplementary Figure S7). Finally, there was a higher retention of Ly6C® monocytes

in the spleen for the rHCIII group compared to PBS (Supplementary Figure S8).
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Figure 3.5. tHC matrix treatment alters bone marrow cell and macrophage response. (A)
Immunohistochemistry analysis and quantification of the number of CD206" macrophages
(/mm?) in the scar, border zone (BZ) and remote myocardium (RM) of MI hearts treated with
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PBS, rHCI or rHCIIL. CD206, green; DAPI, blue (n=6-7). (B) Flow cytometry analysis for
the number of GFP*, GFP'F4/80", GFP"CD38" and GFP'CD11b" cells recruited from the
bone marrow to the left ventricle of Cxcr3-EGFP MI mice 2 days after PBS, rHCI or rHCIII
treatment (n=9-10). P values were determined by one-way ANOVA using Holm's multiple
comparison. Data is presented as the mean = SEM. Source data are provided as a Source Data
file. For A-B, n indicates the number of mice per group.
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Figure 3.6. rHCIII matrix increases Ly6C™ monocyte mobilization and accumulation in the
heart. Flow cytometry plots show F480 and Ly6C expression of mononuclear cells
(CD45°CD11b'Ly6G) in the blood (A) and heart (B) of mice at 2 days post-treatment.
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Macrophages were considered F480" while monocytes were F480™ and classified based on
the expression of the Ly6C marker. Data is presented as the mean £ SEM (n=5-7). P values
were determined by a one-way ANOVA for effect of treatment followed by Holm’s
correction for multiple comparisons. Source data are provided as a Source Data file. For A-
B, n indicates the number of mice per group.

3.1.7 In Vitro Assessment of rHC Matrices

We next explored the interaction of the rHC matrices with macrophages in vitro to
gain insight into how the materials may be regulating inflammatory cell function and

conferring therapeutic benefit in vivo.

Bone marrow-derived macrophages from mice were used to evaluate the effect of the
rHC matrices on macrophage function. The adhesion of unstimulated MO macrophages to
the rHCI and rHCIII matrices was equivalent with (Figure 3.7A) or without (Supplementary
Figure S9) the inclusion of chondroitin sulfate; however, the number of MO macrophages to
migrate through the rHCIII matrix was 2-fold greater than for the rHCI matrix (Figure 3.7B).
The effect of the rtHC matrices on macrophage polarization was also assessed. The results
indicate that both matrices promote the polarization of the M2 wound healing phenotype
(Figure 3.7C) compared to TCPS, with rHCII promoting greater M2 macrophage
differentiation than rHCI. Gene expression analysis for several ECM remodeling proteins
including MMP1, MMP2, MMP9, TIMP1 and TIMP2, as well as the M2 phenotype marker
Argl was performed on macrophages cultured on TCPS, rHCI and rHCIII. The expression
of MMP1 was increased in macrophages cultured on the rHCIII matrices vs. TCPS, while
Argl expression was increased in macrophages cultured on rHCI compared to TCPS (Figure
3.7D). To mimic the presence of oxidative stress post-MI, cultured macrophages were
exposed to hydrogen peroxide (H20z); and the results indicate that cells cultured on the rHCI

and rHCIII matrices were protected from H>O»-induced death (Figure 3.7E). The same H>O»
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exposure experiments were performed with NRVMs; no protective effect from the collagen

matrices was observed (Figure 3.7F).
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Figure 3.7. rtHC matrices support wound healing macrophages. (A) Number of adherent
macrophages after culture on rHC matrices (n=4). (B) Number of macrophages that migrated
through 300um thickness rHC matrices (n=4). (C) M1 and M2 macrophage polarization
determined by CD86 and CD206 expression, respectively, after culture on rHC matrices
(n=4). (D) MMP1 and Argl mRNA expression in macrophages cultured on rHC matrices for
72h relative to TCPS (n=4). (E) Percentage of dead macrophages (7-AAD" cells) after 3h
incubation with H>O, (n=4). (F) Percentage of dead neonatal rat ventricular myocytes
(NRVMs) after 3h incubation with H>O, (n=4). P values were determined by a one-way
ANOVA using Holm's multiple comparison (C, D, E, and F), or by a 2-tailed t-test (A and
B). All data is presented as the mean £ SD. Source data are provided as a Source Data file.
For A-E, n indicates the number of mice (mouse bone marrow) per group. For F, n indicates
the number of hydrogel batches.
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3.2 Recombinant human collagen type 1 hydrogel rapidly reduces methylglyoxal levels
in cardiomyocytes and increases contractility of the border zone myocardium in a
mouse model of myocardial infarction.

This study contains unpublished data for the results of Aim 3, for which a manuscript is
currently in preparation.

Sarah McLaughlin!?, Veronika Sedlakova!, Brian McNeill!, David Smyth?, Richard
Seymour', Marc Ruel'?, Emilio I. Alarcon'*° and Erik J. Suuronen'-*?

'BioEngineering and Therapeutic Solutions (BEaTS), Division of Cardiac Surgery,
University of Ottawa Heart Institute, 40 Ruskin street, Ottawa, ON, Canada, K1Y4W7.
2Department of Cellular & Molecular Medicine, University of Ottawa, Ottawa, 451 Smyth
Road, Ottawa, ON, Canada, KIH8MS. 3Cardiac Function Laboratory, University of Ottawa
Heart Institute, 40 Ruskin street, Ottawa, ON, Canada, K1Y4W?7, “Department of
Biochemistry, Microbiology, and Immunology, University of Ottawa, 451 Smyth Road,
Ottawa, ON, Canada, K1H8MS. °These authors jointly supervised this work: Emilio I.
Alarcon, Erik J. Suuronen.

3.2.1 Authors Contributions

Preparation of rHCI hydrogel, with and without AF594 fluorescent dye, and rHCIII hydrogel
was done by me. Surgery to induce myocardial infarction in mice was performed by Richard
Seymour. The intramyocardial injections of all hydrogel or PBS control treatments were done
by me, except for three mice that were done by Brian McNeill (he also completed the baseline
echocardiography for these animals). Baseline echocardiography was completed by me and
Veronika Sedlakova. Follow-up echocardiography at day 2 and day 28 was completed by
me. Most of the echocardiography and Vevostrain analysis was completed by me with
assistance on one trial from Veronika Sedlakova. Harvesting and sectioning of harvested
hearts for histology was completed by me and Veronika Sedlakova. All histology and
immunohistochemistry  experiments were completed by me, except the
immunohistochemistry for regulatory T-cells which was completed by Veronika Sedlakova.

Isolation of RNA for sequencing was completed by me. Next generation sequencing was
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completed by Genome Quebec. Differential expression analysis was completed by the
Canadian Centre for Computational Genomics (C3G). Enrichr analysis of differentially
expressed genes was run by me. Output figures for RNA seq were completed by C3G except
for: Enrichr output in Figure 2 and the heatmap and graphs in Figure 3 which were completed
by me. QPCR primer design and qPCR experiments were run by me. In situ hybridization
for erythroid differentiation regulator 1 was completed by me. Protein isolation and
mitochondrial aldehyde dehydrogenase activity assay were run by me. Flow cytometry assay
design, cell isolation/staining and data analysis were done by me. David Smyth helped with
running the flow cytometer. Image analysis and pixel classifier analysis in QuPath, statistical
analysis and figure design were completed by me. Study design was done by me, Erik
Suuronen and Emilio Alarcon. The written portion of this unpublished section was completed
by me with revisions by Erik Suuronen and Emilio Alarcon. Supervision for this work was

provided by Erik Suuronen, Emilio Alarcon, and Marc Ruel.
3.2.2 Brief Introduction to the Results of Aim 3

Remodeling of the cardiac ECM leads to progressive ventricular dilation and heart
failure after MI''. Injectable hydrogels are promising therapeutics that can stabilize the
infarct region and improve wound healing post-MI, limiting progression to heart failure'®.
An rHCI hydrogel was previously shown to improve cardiac function 28 days post-injection
in a mouse model of MI?%°. This functional improvement was maintained well after there was
evidence that the majority of the hydrogel had degraded, which occurred within 7 days post-
injection. There was also evidence that contractility of the infarct borderzone improved by 2
days after rHCI injection, suggesting that rHCI injection may lead to acute functional

improvement. In this study, tHCI hydrogel injection post-MI was found to improve cardiac
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function within 2 days and the improvements in cardiac function and contractility were
sustained out to the original 28-day endpoint. The rHCI hydrogel reduced oxidative stress
and cardiomyocyte apoptosis 2 days after injection in MI mice. The hydrogel soaked up a
reactive dicarbonyl compound, methylglyoxal (MG), and reduced MG adducts (MG-H1)
within cardiomyocytes and on ECM collagen within the myocardium. MG has been shown
to be a key contributor to oxidative stress, pathological ECM remodeling, reduced
vascularization, and impaired cardiac function post-MI. The reduction in the levels of MG-
HI in rHClI-treated hearts was maintained to 28 days post-injection and there was also less

hypertrophy and myocyte loss in rHCI-treated mice.

3.2.3 rHCI Hydrogel Improves Cardiac Function Two Days After Injection in a Mouse

Model of MI

Treatments of rHCI hydrogel and PBS were injected into the border zone
myocardium at 7 days post-MI (baseline). Two studies were run to analyze both the acute
changes in cardiac function with treatment, 2 days after injection, and to test if the acute
changes in cardiac function are sustained out to the 28-day post-injection endpoint (Figure
3.8A). LVEF was improved 2 days after rHCI hydrogel injection (40+2%) compared to
baseline (29+2%; p < 0.0001) (Figure 3.8B). Two days after treatment injection, the LVEF
of rHCI hydrogel treated mice was also greater than that of PBS treated mice (30+2%; p =
0.013). Injection of rHCI hydrogel results in a 13% reduction in ESV at 2 days post-injection
compared to baseline (p = 0.03) (Supplementary Figure SI0A). There was no change in EDV
between treatment groups or within a treatment group from baseline to follow-up
(Supplementary Figure S10B). SV (p = 0.008) and CO (p = 0.001) are both improved with

injection of rHCI hydrogel compared to PBS two days after treatment (Supplementary Figure

98



S10C-D). SV (p =0.0001) and CO (p < 0.001) also increased from baseline to follow-up, 2
days after rHCI hydrogel injection. To determine if these improvements in cardiac function
are sustained out to the 28-day endpoint, an additional MI mouse trial was run to compare
the fold change from baseline in functional parameters at day 2 and at day 28. The fold change
in LVEF from baseline is greater in rHCI-treated mice compared to PBS-treated mice at both
the day 2 (1.37£0.07 vs. 0.93+0.03, p < 0.0001) and day 28 endpoint (1.39+.0.07 vs.
0.91+0.03, p < 0.0001) (Figure 3.8C). There is no difference in the fold change of LVEF
from baseline for rHCI treated mice at day 2 compared to day 28 (p = 0.83). The fold change
in ESV from baseline is reduced in rHCI treated mice compared to PBS treated mice at both
the day 2 (0.96+0.06 vs. 1.10+0.03, p < 0.043) and day 28 endpoint (1.15%.0.04 vs.
1.36+0.05, p=0.007) (Figure 3.8D). Both rHCI (p = 0.026) and PBS (p = 0.002) treated mice
show an increase in the fold change of ESV from baseline at day 28 compared to day 2. There
is no difference in EDV fold change from baseline between either treatment group at day 2
or day 28. The fold change in EDV increases in both rHCI (1.14+0.04 vs. 1.32+0.03, p =
0.005) and PBS (1.06+0.02 vs. 1.31£0.04, p < 0.0001) treatment groups from day 2 to day
28 (Figure 3.8E). The fold change in both SV and CO is greater in rHCI treated mice
compared to PBS treated mice by at both day 2 and day 28 endpoints (Supplementary Figure
S11A-B). The fold change from baseline in both SV and CO increased from day 2 to day 28

for tHCI and PBS treatment groups.

Contractility of the myocardium was measured from echocardiograms by calculating
the strain in the base, mid and apex regions of the anterior and posterior LV walls. Strain was
measured in the longitudinal direction at end systole, marked by the aortic valve closure. In

the healthy heart, LV segments shorten from end diastole to end systole due to contraction
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of the myocardium and the average strain was -17% in healthy mice. Strain was measured in
the six myocardial regions at baseline and 2 days after rHCI or PBS treatment injection
(Supplementary Figure S12). As observed in previous studies, strain in the anterior mid LV
wall is increased in rHCI treated mice (-7+1%) compared to PBS treated mice (1£3%) two
days after treatment injection (p = 0.028) (Supplementary Figure S12E). In addition, strain
increased in this region for the rHCI treatment group from baseline (1£2%) to 2 days post-
treatment (p = 0.001). The mid anterior LV region contains the anterior infarct borderzone,
which is the region targeted for treatment injection. Strain was unchanged in the posterior
base, mid, and apex regions as well as the anterior base and apex regions between treatment
groups or within a group over time (Supplementary Figure S12A-D,F). The average strain
(Supplementary Figure S12G) and the maximum opposing wall delay (Supplementary Figure
S12H) to reach peak strain were unchanged with treatment group or with time. The change
in strain from baseline was also measured at day 2 and day 28 post-injection for PBS and
rHCI hydrogel treated mice (Supplementary Figure S13). The change in anterior mid LV
wall strain from baseline was greater in rHCI treated mice as compared to PBS treated mice
at both day 2 (-7+1% vs. 1£1%, p = 0.002) and day 28 (-5£1% vs. 2£1%, p = 0.002) post-
treatment injection (Figure 3.8F). There is no difference in mid anterior wall contractility for
rHClI treated mice at day 2 compared to day 28 post-hydrogel injection (p =0.73). The change
in strain from baseline in all other LV segments, average strain, and standard deviation of
strain reached by each segment are not different between treatment groups or within a

treatment group over time (Supplementary Figure S13A-D, F-H).
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Figure 3.8. rHCI hydrogel improves cardiac function two days post-injection in a mouse
model of myocardial infarction and this improvement is sustained for 28 days post-injection.
A) Schematic of experimental design. Mice were injected with tHCI or PBS seven days after
a myocardial infarction (MI) was induced. Echocardiography was done at baseline prior to
injection and at both day 2 and day 28 post-treatment follow-ups. Mice were sacrificed either
at the day 2 or the day 28 endpoint. B) Left ventricular ejection fraction (LVEF) measured at
baseline prior to injection of PBS (n = 16) or rHCI (n = 20) and two days post-treatment.
These mice were sacrificed at day 2 post-injection. In a separate trial, mice were sacrificed
at day 28 post-injection of PBS (n = 14) or rHCI (n = 16). The fold change in
echocardiography measurements of (C) LVEF, (D) end systolic volume (ESV), and (E) end
diastolic volume (EDV) for day 2 and day 28 post treatment injection relative to baseline are
presented. F) Change from baseline in the percent strain reached by the mid anterior LV wall
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at the aortic valve closure (AVC) for both day 2 and day 28 timepoints, PBS (n = 14) or rHCI
(n=16). This is a measurement of contractility in the anterior border zone myocardium. Data
is presented as mean = SEM. Statistical significance was determined by a two-way ANOVA
followed by Holm’s multiple comparison corrections and was noted as * p < 0.05, ** p <
0.01 or *** p <0.001. NS indicates not significant, p > 0.05 for rHCI between day 2 and day
28. Statistical analysis was run in Prism software.

3.2.4 RNA Sequencing Identifies Seven Genes That Are Differentially Expressed In

Hearts Treated With rHCI Hydrogel Two Days After Treatment Injection

To determine the mechanism behind the acute improvement in cardiac function post-
injection of rHCI hydrogel in MI mice, RNA sequencing was done to detect changes in gene
expression two days after rHCI treatment. LV tissue from MI mice injected with PBS or rHCI
2 days prior and from age-matched sham mice was processed and sent for next generation
RNA sequencing. The differential expression of protein coding transcripts was compared
between these three groups. The sham animals clustered away from both MI treatment
groups, while there was only modest separation between PBS- and rHCI-treated MI mice
(Figure 3.9A-C). There were 12,593 genes that were differentially expressed between PBS
and sham LV tissue (Figure 3.9D). The top differentially expressed genes between PBS and
sham groups included upregulation of collagens and inflammatory mediators (Figure 3.9E
and Supplementary Table S2). The changes in gene expression in PBS compared to sham
were enriched for pathways involved in increased heart weight, decreased cardiomyocyte
contractility, decreased NADH dehydrogenase activity and increased collagen binding
(Figure 3.9F-G). Comparing rHCI hydrogel treated LV tissue and sham LVs, there were
11,427 differentially expressed genes (Figure 3.9H). Most of these genes are the same as
those differentially expressed between PBS and sham groups (Figure 3.9C). The top

differentially expressed genes were also collagens and inflammatory mediators (Figure 3.91
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and Supplementary Table S3) and they were enriched for involvement in cardiac fibrosis,
increased heart weight, decreased NADH oxidase activity, and increased collagen binding
(Figure 3.9J-K). The GO term that was most enriched in the differentially expressed gene
signature of both PBS vs. sham and rHCI vs. sham comparisons was the mitochondrion part
(Supplementary Tables S4-S5). The KEGG pathway most downregulated in the PBS vs.
sham and rHCI vs. sham comparisons was oxidative phosphorylation (Supplementary Figure
S14 and Tables S6-7). The KEGG pathways most unregulated in the PBS vs. sham and rHCI
vs. sham comparisons were cytokine receptor interactions and cell adhesion molecule

interactions (Supplementary Figures S15-16 and Supplementary Tables S6-7).
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Figure 3.9. Summary of RNA sequencing results for rtHCI hydrogel, PBS and sham mouse
left ventricle tissue at day 2 post-treatment injection. Mice received treatment injection of
rHCI (n = 5) or PBS (n = 5) seven days post-myocardial infarction. RNA was isolated from
the left ventricles (LV) of mice two days post-treatment and sent for RNA sequencing of
protein coding genes, which was performed by Genome Quebec. An age-matched, sham
operated control group was also included (n =5). RNAseq data analysis output was generated
by C3G bioinformatics group. A) Principal component analysis and B) heatmap clustering
analysis of the raw read count matrix from the edgeR gLM function. C) Differential
expression analysis with a Benjamini-Hochberg false discover rate (FDR) was used to
identify significant gene expression changes between the three treatment groups. (D-G)
Differential expression analysis output for PBS vs. sham including: scatter plot showing
significantly altered genes, top differentially expressed gene information table as well as gene
ontology (GO) analysis of significantly associated phenotypes and molecular pathways.
Similar outputs are shown for the rHCI vs. sham and rHCI vs. PBS comparisons (H-K and
L-M). No significant GO pathways were altered between PBS and rHCI LV tissue. CPM
indicates gene read counts per million normalized to the total number of reads in a sample.

Seven genes were differentially expressed in the LV tissue of PBS- and rHCI-treated
mice 2 days after treatment (Figure 3.9L-M and Table S8). RNAseq was performed on whole
LV tissue and sequences from >20,000 genes were detected. Three genes were upregulated,
and 4 gene were downregulated in rHCI hydrogel treated mice compared to PBS treated mice
(Figure 3.10A). The genes downregulated with rHCI injection were: erythroid differentiation
regulator 1 (ERDRI), glutamate ionotropic receptor AMPA type subunit 1 (GRIAI),
predicted gene Gml15232 (GM15232), and RIKEN c¢DNA G530011006 gene
(G530011006Rik) (Figure 3.10B-E). The genes upregulated with rHCI injection were:
immunoglobulin kappa chain variable 8-30 (/GKV'8-30), serpin family A member 1 serine
protease inhibitor (SERPINAIE), and C-C motif chemokine ligand 22/ macrophage-derived
chemokine (CCL22) (Figure 3.10F-H). ERDR1 and CCL22 were the target genes chosen for
follow-up analysis as they were the most highly expressed downregulated and upregulated
genes, respectively that had known protein products. ERDRI downregulation with rHCI

hydrogel injection was validated by quantitative polymerase chain reaction (QPCR) (Figure
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3.11A). ERDRI expression was 3.5-fold lower in rHCI treated LV tissue compared to PBS
treated LV tissue 2 days post-treatment injection (p = 0.0016). ERDR] is also downregulated
2.6-fold in rHCI treated LVs compared to sham LVs (p = 0.016). The 1.9-fold upregulation
of CCL22 with rHCI injection detected by RNA-seq was not confirmed by qPCR (Figure
3.11B). Macrophage expression of CCL22 has been shown to recruit FOXP3 positive T-

regulatory cells®®

. At day 2 post-treatment there is no difference in T-regulatory cell density
between PBS- and rHCI-treated MI mice (Supplementary Figure S17A). However, there was
a 2.8-fold increase in T-regulatory cell density in the borderzone of rHCI treated hearts 28

days after treatment injection (p = 0.011) (Supplementary Figure S17B).
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Figure 3.10. RNA sequencing of PBS- and rHCI-treated MI hearts detected 7 genes that are
differentially expressed at day 2 post-treatment injection. Mice were injected with rHCI
hydrogel (n =5) or PBS (n=15) at 7 days post-myocardial infarction. RNA was isolated from
left ventricle tissue at 2 days post-injection, the time-point when a significant improvement
in cardiac function is observed with rHCI injection. An age-matched sham group was also
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included in the analysis (n = 5). Differentially expressed genes were determined using a gLM
function in edgeR with a Benjamini-Hochberg false discovery rate (FDR) correction for
multiple comparisons. A) Clustering heatmap showing the expression level in all samples of
the 7 genes that are differentially expressed between PBS and rHCI treated MI hearts. The
colour scale indicates expression level from low to high as blue to red. (B-E) Genes
significantly downregulated in rHCI hydrogel-treated hearts vs. PBS hearts were: erythroid
differentiation regulator 1 (ERDR1), glutamate ionotropic receptor 1 (GRIA1), GM1532 and
G530011006Rik. (F-H) Genes significantly upregulated in rHCI treated hearts vs PBS were:
immunoglobulin kappa chain variable 8-30 (IGKV8-30), serpin family A member le
(SERPINA 1E) and macrophage derived chemokine (CCL22). Data is presented as mean +
SEM in read counts per million of the gene normalized to the total number of reads in the
sample. # indicates significant difference in gene expression between treatment groups
determined by FDR < 0.05.
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Figure 3.11. ERDRI expression is significantly reduced in the hearts of rHCI-treated mice
as compared to PBS at 2 days post-treatment injection. QPCR was used to validate the top
differentially expressed genes between PBS and rHCI treated hearts from RNAseq analysis.
QPCR gene expression analysis was completed for A) erythroid differentiation regular 1
(ERDRI) and B) macrophage derived chemokine (CCL22). Change in cycle threshold (Ct)
for each gene from GAPDH house keeping gene control is presented for PBS and rHCI
groups relative to sham. RNA was isolated from the left ventricles of hearts injected two days
prior with rHCI (n =5) or PBS (n =5). Mice were injected 7 days post-myocardial infarction
and an age matched sham control group was also included (n = 5). Data are presented as
mean + SEM. Significance was determined by a one-way ANOVA followed by Tukey
multiple comparison corrections and noted as * p < 0.05, ** p <0.01 or *** p <0.001.
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3.2.5 ERDRI Expression Is Downregulated In Cardiomyocytes Two Days After rHCI

Injection in MI Mice

A combined ISH and IHC assay was used to measure ERDR] target gene expression
in cardiomyocytes of rHCI- and PBS-treated hearts 2 days after treatment injection in MI
mice (Figure 3.12A). The expression of ERDRI was studied in cardiomyocytes due to the
acute improvement in myocardial contractility with rHCI injection in MI mice. Two days
after treatment injection, MI mice injected with rHCI hydrogel had a lower percentage of
ERDRI positive cardiomyocytes in the remote (69+5%) and borderzone (71£5%)
myocardium compared to PBS-injected MI mice (83£2% (p =0.016) and 83+2% (p = 0.045),
respectively) (Figure 3.12B-C). There was no difference in ERDRI expression in the infarct
region cardiomyocytes between rHCI and PBS treatment groups (p = 0.54) (Figure 3.12D).
The expression level of ERDRI within cardiomyocytes, expressed as an H-score (with a
range of 0-300), is lower in the remote myocardium of rHCI-treated MI mice (105+13)
compared to PBS-treated MI mice (148+7; p = 0.0099) (Figure 3.12E). There was a trend
towards lower expression of ERDRI in borderzone cardiomyocytes of tHCI compared to
PBS treatment group (p = 0.069) (Figure 5F). There was no difference in ERDR expression
level in the infarct region of rHCI- and PBS-treated MI mice (Figure 3.12G). In all other
cells, referred to as non-cardiomyocytes, there was a reduction in the percentage of cells that
express ERDRI (p =0.037) and a trend for reduced ERDRI H-score (p = 0.10) in the remote
myocardium of rHCI compared to PBS-treated MI mice (Supplementary Figure S18A and
D). There was no difference between treatment groups in ERDRI expression by non-
cardiomyocytes of the borderzone and infarct region (Supplementary Figure S18B-C and E-

F).
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Figure 3.12. Erythroid differentiation factor 1 expression (ERDR1) is downregulated in
border and remote cardiomyocytes of rHCI-treated mice two days post-treatment. Mice were
injected with rHCI (n = 6) or PBS (n = 7) hydrogel seven days post-myocardial infarction.
Hearts were harvested two days post-treatment and fresh frozen tissue sections were prepared
for in situ hybridization. A) Representative RNAscope images of combined in situ
hybridization for ERDR1 (red) and IHC for cardiac troponin I (¢Tnl, purple), wheat germ
agglutinin (WGA, green) and DAPI (blue). Scale bars are 50 pm. B-D) Percentage of
cardiomyocytes that express ERDR1 for remote, borderzone and infarct regions. E-G) H
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score of ERDRI1 expression levels in remote, borderzone (border) and infarct
cardiomyocytes. Three levels of expression are defined as bins of transcripts per cell: 1-7, 8-
15 and >15, in addition to negative cells. H Scores can range from 0-300 with 300 being
100% of cells have greater than 15 ERDRI1 transcripts. Image analysis was performed in
Qupath software. Data are presented as mean + SEM. Significance was determined by an
unpaired t-test noted as * p < 0.05, ** p <0.01 or *** p <0.001. Statistics were run in prism
software.

3.2.6 Cardiomyocyte Apoptosis Is Reduced 2 Days After rHCI Injection In MI Mice

ERDRI expression has not been extensively studied post-MI, however, in models of
T-cell immunity and skin cancer, ERDRI upregulation has been associated with
apoptosis?’*-280-290291 n addition, ERDR] is upregulated in several models of oxidative stress
and with NADPH oxidase upregulation?°*2%*. Therefore, IHC staining was performed to
detect markers of myocardial oxidative stress and cardiomyocyte apoptosis in MI mouse
heart tissue two days after injection of PBS or rHCI hydrogel. Immunohistochemistry for the
4HNE adduct (Figure 3.13A) was used to detect the level of oxidative stress in the
borderzone, remote, and total LV myocardium (Figure 3.13B). MI mice treated with rHCI
hydrogel had lower levels of 4HNE staining in the remote myocardium (16+1%) and within
the total LV (13+2%) compared to PBS-treated MI mice (23+1% (p = 0.0031) and 19+1%
(p =0.034), respectively). There was no difference in 4HNE levels between treatment groups
in the borderzone myocardium (p = 0.11). The same 4HNE staining was run on heart tissue
sections from PBS- and rHCI-treated MI mice 28 days post-treatment (Supplementary Figure
S19A). There was no difference in 4HNE staining levels between treatment groups in
borderzone (p = 0.61), remote (p = 0.73) or total LV myocardium (p = 0.64) (Supplementary
Figure S19B). The level of ALDH2 activity, a key enzyme involved in 4HNE adduct

178,294

remova , was measured in the remote myocardium two days after treatment injection.
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There was no difference in ALDH2 activity in the remote myocardium between PBS- and
rHClI-treated MI mice (Supplementary Figure S20). Cardiomyocyte apoptosis was detected
by TUNEL staining (Figure 3.13C). MI mice treated with rHCI had lower apoptotic cell
density in the borderzone (41+8 cells/mm?), and remote myocardium (13+3 cells/mm?) two
days post-treatment compared to MI mice injected with PBS (759 cells/mm? (p = 0.009)
and 265 cells/'mm? (p = 0.023), respectively) (Figure 3.13D). Apoptotic cardiomyocyte
density was lower in the borderzone (8+1 cells/mm? vs. 18+3 cells/mm?, p = 0.012) and
remote myocardium (3£1 cells/mm? vs. 7+2 cells/mm?, p = 0.033) of rHCI- compared to
PBS-treated mice (Figure 3.13E). The level of apoptotic non-cardiomyocytes was also lower
in the borderzone (p = 0.024) and remote (p = 0.002) regions of rHClI-treated mice
(Supplementary Figure S21). ERDRI has also been linked to macrophage migration post-MI.
However, there was no difference in macrophage density or CD206 positive density in tHCI-
compared to PBS-treated MI mouse hearts two days post-treatment (Supplementary Figure
S22). This contrasted with an rHC type III (tHCIII) hydrogel that reduced the percentage of
CD206 positive macrophages in the heart two days post-injection compared to rHCI (p =

0.005) or PBS (p = 0.02) treated hearts (Figure S22).
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Figure 3.13. rtHCI hydrogel injection reduces markers of oxidative stress and cardiomyocyte
apoptosis at 2 days post-treatment. Histological analysis of possible downstream pathways
related to ERDR1, including oxidative stress and DNA damage. Seven days after myocardial
infarction, mice were injected with tHCI (n = 9) or PBS (n = 8). Hearts were harvested for
histology two days after treatment. A) Representative images for 4-hydroxynoneal (4HNE)
IHC staining (green), scale bars indicate Imm for full slide scans and 100 pm for remote left
ventricle (LV) 20X magnification. B) 4HNE positive area as a percentage of the borderzone
(border), remote and total LV area in PBS and rHCI treated hearts. C) Example images from
TUNEL (green) IHC scans, scale bars indicate 200 pm. Cardiomyocytes were defined as
cardiac troponin I (CTNNI)" (white) and cell borders were identified with wheat germ
agglutinin (WGA) stain (red). D) TUNEL" positive cell density and (E) TUNEL"
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cardiomyocyte in the border, infarct, and remote regions of PBS and rHCI treated hearts.
Data are presented as mean = SEM. Significance between treatments was determined for
each region by an unpaired t test and noted as * p < 0.05 or ** p <0.01. Statistics were run
in prism software.

3.2.7 rHCI Hydrogel Soaks Up Methylglyoxal At The Epicardial Surface And Reduces

Methylglyoxal Adducts Within The Myocardium Two Days Post Injection In MI Mice

Two days after intramyocardial injection of rHCI hydrogel into the borderzone, it
spreads over the epicardial surface of the infarct and borderzone myocardium
(Supplementary Figure S23). Most of the rHCI hydrogel does not interact with
cardiomyocytes in the borderzone (Supplementary Figure S24A-B). Cells infiltrate the gel
one day post-injection including Wilm’s tumor protein 1 (WT1) epicardial cells, endothelial
cells, and myofibroblasts (Supplementary Figure S24C-E). There is minimal infiltration of
M2 macrophages (Supplementary Figure S24F). Given that rHCI hydrogel injection lowers
oxidative stress and apoptosis in cardiomyocytes, a mechanism is required by which the
hydrogel at the epicardial surface could lower oxidative stress levels in the myocardium
below without direct contact with cardiomyocytes. Methylglyoxal is a reactive dicarbonyl
that is produced in conditions of oxidative stress including post-MI**2?%5. MG-H1 adducts
build up on extracellular proteins, primarily collagens, and intracellular proteins, including
sarcomeric proteins within cardiomyocytes where it limits contractility’>!'??. Levels of MG-
HI1 adducts within cardiomyocytes and on collagen type 1 were measured by IHC in MI
mouse hearts two days post-treatment injection (Figure 3.14A). There was a significant
reduction of MG-H1 adducts within cardiomyocytes of rHCI-treated mice in the infarct
(47+4% vs. 68+4%, p = 0.0033), borderzone (37+4% vs. 57+4%, p = 0.0037), and remote

myocardium (36+4% vs. 51£3%, p = 0.0095) compared to PBS-treated mice (Figure 3.14B-
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D). A similar reduction in MG-HI1 modified collagen type 1 was observed in the infarct
(58+3% vs. 67£2%, p = 0.015), borderzone (45+4% vs. 58+2%, p = 0.0060), and remote
(38+2% vs. 50+£3%, p = 0.0031) regions of rHCI-treated mice compared to PBS-treated mice
(Figure 3.14E-G). The rHCI hydrogel is modified by methylglyoxal two days post-injection
(Supplementary Figure S25). On average, 52+2% of the rHCI hydrogel stains positive for
MG-H1 (Figure 3.15A-B). MG-H1 modified collagen type 1 can cause endothelial cell
dysfunction and apoptosis in models of diabetic cardiomyopathy'?’. There is no effect of
rHCI injection on capillary density in the heart two days post-treatment (Supplementary

Figure S26).

The level of MG-H1 modification in cardiomyocytes and on collage type 1 was also
measured in hearts 28 days after rHCI or PBS injection in MI mice (Figure 3.16A). There
was still a reduction of MG-H1" area within cardiomyocytes of the infarct (40+2% vs.
51£4%, p = 0.033) and borderzone (32+1% vs. 38+3%, p = 0.037) regions of rHCI-treated
mice compared to PBS-treated mice (Figure 3.16B-C). There was no difference in MG-H1
levels within remote cardiomyocytes between treatment groups (p = 0.29) (Figure 3.16C).
There was also a trend towards a reduction of MG-H1 modified collagen in the infarct region
of rHCI-treated mice compared to PBS (53+£2% vs. 60+2%, p = 0.055) (Figure 3.16E). No
difference in MG-H1 modified collagen was detected in the borderzone (p = 0.14) or remote

(p = 0.58) myocardium between treatment groups at 28 days post-treatment.
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Figure 3.14. rHCI hydrogel reduces methylglyoxal adducts on collagen and within
cardiomyocytes two days after treatment in mice with myocardial infarction. Treatments of
PBS (n=9) and rHCI (n = 7) were injected 7 days after myocardial infarction in mice. Hearts
were harvested 2 days after treatment for histology. A) Representative images of THC
staining for methylglyoxal adducts (MG-H1, green), collagen type I (Coll, white), cardiac
troponin 1 (cTnl, red) and DAPI (blue). Scale bar is 50 um. B-D) Area of collagen that was
modified by MG-H1 in the infarct, borderzone (border) and remote myocardium of PBS- and
rHCI-treated mice. E-G) Area of ¢Tnl" cardiomyocytes that is modified by MG-H1 in the
infarct, borderzone (border) and remote myocardium of PBS- and rHCI-treated mice. Image
analysis was performed in Qupath software. Data are presented as mean + SEM. Significance
between treatments was determined for each region by an unpaired t test and noted as * p <
0.05 or ** p <0.01. Statistics were run in prism software.
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Figure 3.15. rHCI hydrogel is modified by methylglyoxal two days after treatment injection
into the border region of the infarcted myocardium. Seven days after myocardial infarction,
mice were treated with intramyocardial injection of rHCI hydrogel (n = 5). The rHCI
hydrogel was tagged with AlexaFluor® 594 (AF594, red) fluorescent dye prior to injection.
A) Hearts were harvested two days post-injection for [HC detection of methylglyoxal adducts
(MG-HI1, green). DAPI counterstain is in blue. B) MG-H1 modified area in the rHC
hydrogels was determined using QuPath software. Data are presented as mean + SEM and
was analyzed using Prism software.
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Figure 3.16. Methylglyoxal adducts within cardiomyocytes remain reduced in the infarct and
borderzone of rHCI treated hearts 28 days after treatment injection. Treatments of PBS (n =
7) and rHCI (n = 7) were injected seven days after myocardial infarction in mice. Hearts were
harvested 28 days after treatment for histology. A) Representative images of IHC staining
for methylglyoxal adducts (MG-H1, green), collagen type I (Coll, white), cardiac troponin
1 (cTnl, red) and DAPI (blue). Scale bar is 50 um. B-D) Area of collagen that was modified
by MG-HI1 in the infarct, borderzone (border) and remote myocardium of PBS- and rHCI-
treated mice. E-G) Area within ¢Tnl" cardiomyocytes that is modified by MG-H1 in the
infarct, borderzone (border) and remote myocardium of PBS and rHCI treated mice. Image
analysis was performed in Qupath software. Data are presented as mean + SEM. Significance
between treatments was determined for each region by an unpaired t test and noted as * p <
0.05. Statistics were run in prism software.
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3.2.8 rHCI Hydrogel Injection Leads To Myocardial Salvage And Reduced

Cardiomyocyte Hypertrophy 28 Days Post-Treatment In MI Mice

Masson’s trichrome staining was used to detect fibrosis and cardiac muscle in heart
sections of MI mice 28 days after injection of rHCI hydrogel or PBS (Figure 3.17A, C). The
level of myocardial salvage in the infarct region increased with rHCI treatment compared to
PBS (60+3% vs. 50+3%, p = 0.049) (Figure 3.17B). There was also a decrease in fibrosis
within the borderzone myocardium of rHCI-treated mice as compared to PBS-treated mice
(13+£1% vs. 17+£2%, p = 0.049) (Figure 3.17D). The density of cardiomyocytes and the
cardiomyocyte cell area were measured in the borderzone and remote myocardium (Figure
3.17E). In the borderzone region of rHCI-treated mice there was an increase in
cardiomyocyte density (1427+93 cells/mm? vs. 11194£95 cells/mm?, p = 0.040) and a
reduction in cardiomyocyte cell size (308+26 um? vs. 400+33 pm?, p = 0.049) compared to
PBS-treated mice (Figure 3.17F-G). There was also an increase in cardiomyocyte density
(1984+145 cells/mm? vs. 1583+81 cells/mm?, p = 0.032) and reduction in cardiomyocyte cell
area (229+12 um? vs. 293+15 pm?, p = 0.0061) in the remote myocardium of rHCI-treated

mice compared to PBS-treated mice (Figure 3.17H-I).
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Figure 3.17. Mice treated with rHCI hydrogel after myocardial infarction have improved
myocardial salvage twenty-eight days after treatment injection. Seven days after a
myocardial infarction was induced in mice, rHCI hydrogel (n = 7) or PBS (n=7) was injected
into the borderzone myocardium (border). Twenty-eight days after treatment injection,
mouse hearts were harvested for histology. A) Masson’s trichrome stained images of the
infarct region in rHCI- and PBS-treated hearts. B) Percentage of myocardial salvage in the
infarct region. C) Masson’s trichrome stained borderzone myocardium; and D) percentage
of fibrosis in the borderzone. Scale bars are 50 um. E) Images of IHC to detect
cardiomyocytes expressing cardiac troponin I (¢Tnl, red) and cell borders with wheat germ
agglutin (WGA, green). Scale bars are 25 pm. Cardiomyocyte density (F-G) and
cardiomyocyte cell area (H-1) were quantified in the infarct and borderzone myocardium of
PBS- and rHClI-treated mice. Image analysis was performed in Qupath software. Data are
presented as mean = SEM. Significance between treatments was determined for each region
by an unpaired t test and noted as * p < 0.05 or ** p < 0.01. Statistics were run in prism
software.
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Chapter 4: Discussion

4.1 Summary

In this thesis the first tHC hydrogels developed for infarct repair post-MI were tested
in a clinically relevant mouse model of MI. The goal was to determine their therapeutic
efficacy and understand their mechanism of action in order to facilitate clinical translation.
The first aim of this research was to determine if the rHC hydrogels improved cardiac
function and limited ventricular remodeling at the day 28 follow-up timepoint. Both rHCI
and rHCIII hydrogels had greater cardiac function, smaller ESV, and smaller infarct size
compared to the PBS control group. The rHCI hydrogel showed the additional benefits of:
improved cardiac function at day 28 as compared to baseline prior to injection, better
preserved myocardial wall thickness, and borderzone myocardial salvage. The second aim
was to evaluate the in vivo degradation and inflammatory response for both hydrogels. In
comparison to rHCIII, rHCI hydrogels persisted longer (7 days vs. 2 days) in vivo and did
not stimulate an inflammatory response in the heart. When injected 7 days post-MI, in the
proliferative phase of MI wound healing, rHCI hydrogel exhibited more benefits of treatment
without the risk of an inflammatory monocytic response. At this delivery timepoint the rHCI

hydrogel was the superior performing treatment.

The third aim of this research was to understand the mechanism of action for rHCI
hydrogel injection post-MI. To accomplish this aim, the acute functional response to rHCI
hydrogel was studied 2 days post-injection. Cardiac function improved in rHCI-treated MI
mice 2 days post-injection and was the result of increased contractility in the anterior
borderzone myocardium that was sustained out to the 28-day endpoint. The rHCI hydrogel

reduces the level of adducts generated by oxidative stress in the myocardium 2 days post-
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injection, namely 4HNE and MG-H1. The level of methylglyoxal modifications within
cardiomyocytes is reduced by rHCI hydrogel, perhaps in part because the hydrogel soaks up
free methylglyoxal from the tissue. The rate of cardiomyocyte apoptosis is also reduced at
day 2 post-rHCI injection and leads to greater cardiomyocyte density with less hypertrophic
cardiomyocytes at day 28. Methylglyoxal has been implicated in decreasing cardiomyocyte
contractility and stimulating cardiomyocyte death and hypertrophy. Therefore, the proposed
mechanism of action for rHCI injection post-MI is that rHCI hydrogel stimulates improved
contractility within 2 days by reducing the level of methylglyoxal in the myocardium leading

to sustained improvement of cardiac function and myocardial salvage.
4.2 Discussion of Aims 1 and 2

Note that the discussion for aims 1 and 2 has been published in: McLaughlin and McNeill
et.al. Nature Communications 10 (2019) 4866. 1t is presented here with minor modifications.

4.2.1 rHC Hydrogels Were Designed as Injectable Therapeutics for Infarct Repair Post-

MI

Injectable hydrogels are attractive for cardiac applications due to their ease of use and
the possibility of minimally invasive delivery. Therapeutically, they can provide physical
stability to the infarcted myocardium, and can act as a biomimetic matrix for supporting cell
function®®®. Several biomaterials composed of natural ECM proteins have been tested in
animal models of MI and heart failure. Many have been shown to reduce adverse remodeling
and limit the loss of function post-MI; but more materials are needed that can increase cardiac
function when used as a stand-alone therapy for treating myocardial scar at the late
proliferative stage!'3%!1%%27. Furthermore, clinical translation of the materials tested so far can

be limited and more challenging due to their animal origin®**>%%,
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We have assessed the performance of our therapy at the end of the proliferative phase
post-infarction (i.e., 7 days in mice, which is the equivalent of 14 days post-MI in
humans)!8265-28¢288 " This time-point represents a clinical opportunity to intervene to limit
pathological ECM remodeling and promote infarct repair in patients who have not responded
to surgical interventions and other therapeutics. Using the two most abundant types of
collagen found in the healthy heart, we developed injectable rHCI and rHCIII matrices. The
rHCI and rHCIII matrices exhibited differences in their biophysical properties (viscosity,
porosity, and enzymatic degradation), but both demonstrated good injectability and gelation
at 37°C, making them suitable for delivery to the heart that has sustained an MI. Although
injecting collagen post-MI may seem counterintuitive given the presence of the collagenous
scar, the composition and mechanical properties of the scar are vastly different from the
normal myocardium?”-%. Supporting their use as a therapy post-MI, (animal-derived)
collagen materials have been shown to improve angiogenesis and tissue integration, reduce
inflammation and apoptosis, and limit negative remodeling and the loss of cardiac
function!00:175:197.210.241,250.254.301-304 * pyyrthermore, the safety and efficacy of a porcine
myocardial ECM hydrogel, composed primarily of collagens, was demonstrated in a pre-

clinical pig MI model'”®,

4.2.2 rHC Hydrogels Improve Cardiac Function and Limit Ventricular Remodeling

Post-MI

In the present study, improved cardiac function between baseline (i.e., time of
treatment delivery) and 28 days post-treatment was observed only in mice treated with the
rHCI matrix; whereas cardiac function was preserved with rHCIII treatment, and worsened

in the control group. The improvement in LVEF for the rHCI group was similar to that
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observed in MI mice that received rat-tail collagen matrix treatment delivered acutely at 3h
post-MI'7>. The recovery of LVEF function was accompanied by reduced ESV, as well as
improved fractional area change, stroke volume, and cardiac output, which are all indicators
of overall improvement in cardiac function. In contrast, EDV was not improved in hearts that
received rHC treatment. However, this prognostic indicator is typically used in assessing
adverse remodeling months after MI has occurred (4-6 months in humans; equivalent to ~2-
3 months in mice), and our furthest time-point evaluated is at 5 weeks post-MI (28 days post-
treatment). Furthermore, while the use of EDV alone as a clinical endpoint has been

questioned, ESV has been shown to be an early predictor for recovery of the MI heart>*-¢7-305-

307

The mechanical properties of the myocardium, measured ex vivo (tensile strength),
were comparably restored within days of receiving rHCI or rHCIII treatment, but only rHCI
treatment improved the longitudinal endocardial strain in the borderzone measured in vivo
(strain at the aortic valve closure), and both rHC treatments were accompanied by a decrease
in the scar size. Notably, rHCI-treated hearts were smaller, and the thickness of the remote
myocardium was greater in the rHCI group. This suggests that rHCI treatment can reduce
dilation and adverse ventricular remodeling, which has been linked to superior clinical
outcomes®®. Thus, the capacity of our materials to improve cardiac function post-MI after
the scar has formed (late proliferative phase), particularly the rHCI formulation, presents a
desirable and clinically translatable platform for treating MI patients beyond the initial

inflammatory phase'®”.

Vascularization of the infarct and peri-infarct regions after M1 is critical to limiting

necrosis and preserving cardiac function®®-!°, Although no differences in vascular density
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(arterioles or capillaries) were observed in the scar region between treatment groups, the
capillary density was greater in the border zone for both rHCI and rHCIII groups. Increasing
the microvasculature in the peripheral area of the infarct can lead to salvage of surrounding
myocardium, limit expansion of the infarct and prevent the progression to heart failure®!!,
This may be an explanation for the increased cardiac troponin I positive area in the
borderzone of rHCI treated mice, indicating greater myocardial salvage in the peri-infarct
area. There is also greater Cx43 staining in the remote region of rHClI-treated hearts

compared to either PBS or rHCIIIL.

4.2.3. rHC Hydrogels Elicit Different Responses from the Immune System Post-

Injection

Modulating inflammation and macrophage phenotype has also been shown to limit

adverse remodeling in the MI heart?!%313

, and is a possible mechanism that may be linked to
the observed benefits of rHCI matrix treatment. At 28 days post-MI, the number of M2
macrophages in the scar region was =<1.5 fold greater for rHCI vs. PBS treatment.
Interestingly, experiments using Cx3cr1-EGFP mice showed that the rHCI matrix reduced
the total number of GFP" monocytes that were recruited from the marrow to the infarct site,
2 days after treatment delivery (9 days post-MI). Therefore, it appears that the rHCI matrix
can reduce inflammatory cell recruitment early on and promote wound healing in the long-
term. The analysis of monocyte populations 2 days post-treatment in wild-type mice showed
an increase in the mobilization of monocytes into the blood and greater accumulation of
Ly6C" cells in the myocardium for the rHCIII group. Also, an increased number of Ly6C'®

cells was seen in the spleen for the rHCIII group, suggesting some degree of inflammatory

response to the rHCIII matrix, but not the rHCI matrix. The increase in Ly6C" monocytes
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with rHCIII injection may in part explain the shorter degradation rate of rHCIII in vivo, due
to increased MMP levels produced from these inflammatory monocytes®'4. A further study
of rHCIII hydrogel demonstrated that greater functional improvement was seen when
injected 3 hours post-MI, compared to 7 days post-MI*">. Due to the higher level of
inflammation at this timepoint the monocytic recruitment by rHCIII may be less impactful.
Altogether, the effects of the rHCI matrix on vascularity, anti-inflammatory/pro-wound
healing, and cardiomyocyte viability may play a role in its ability to improve cardiac function
in the MI mouse heart. To gain further insights on the biological activity of the matrices, we

performed in vitro experiments.

Upon injection, monocytes/macrophages will be recruited to the rHC matrices, and
cell adhesion will dictate the ensuing initial response. /n vitro experiments showed no
difference in the adhesion of murine BMDMs between the two rHC materials; however,
BMDM invasion into the rHCIII matrix was 2-fold greater compared to the rHCI matrix.
Since the pore size for rHCIII was considerably larger than that of rHCI, greater cell
permeation for rHCIII is not surprising. Both rtHC matrices promoted greater M2 polarization
and expression of M2 markers (MMP1 and Argl) than TCPS, but more so with the rHCIII
matrix than the rHCI matrix. This is in contrast to our in vivo observations, in which only the
rHCI matrix, but not rHCIII, led to greater numbers of M2 macrophages in the infarcted heart
long-term compared to PBS control treatment. This may be related to differences between
the in vitro and in vivo conditions. For example, it has been shown that M2 polarization is
stimulated to a greater extent in 3D vs. 2D environments*!®. Thus, it is plausible that, although
cells are seeded on the surface of the materials in vitro (i.e., in 2D), the larger pore size of

the rHCIII material may result in more cells being exposed to a 3D-like environment leading
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to greater M2 macrophage polarization. In the in vivo setting, the injected material is subject
to enzymatic degradation, which was shown to be greater for the rHCIII material; thus, we
speculate that the slower clearance of rHCI leads to an increased number of M2 macrophages

over time in the rHCI treatment group.

Oxidative stress post-MI is considered to be a major factor in cardiac remodeling?®.
We therefore sought to examine the protective effect of the matrix against oxidative stress-
induced death of macrophages (BMDMs), which were increased in number within the
myocardium of rHCI-treated hearts. Both rHCI and rHCIII matrices were able to reduce the
number of dead BMDMs in the presence of hydrogen peroxide. However, the NRVMs
remain susceptible to H>O»-induced death when cultured on the rHC matrices. This suggests
that our rHC materials may act as a protective niche limiting the loss of wound healing

macrophages in conditions of oxidative stress.
4.2.4. Conclusions from Aims 1 and 2

In summary, we have demonstrated that our rHCI matrix made from clinical grade
human collagen is able to prevent adverse cardiac remodeling, and to improve cardiac
function in the MI heart when applied during the late proliferative phase. Our results are the
first step in the development of a stand-alone collagen biomaterial therapy that is clinically
translatable. In terms of the potential cost savings from our new therapy, it should be
considered that in Canada alone there are 600,000 patients living with advanced heart failure,
whose healthcare costs amounts to more than $2.8B every year’!”. These patients require
long and frequent hospital stays. Thus, a therapy that is able to reduce the progression to
clinical heart failure would greatly improve both quality and quantity of life for many MI

patients and potentially save millions in healthcare spending. We expect these findings will
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pave the way for providing a biomaterial therapy suitable for combination with cell therapies

or surgical procedures aimed at restoring cardiac function in MI patients.
4.3 Discussion of Aim 3

4.3.1 rHCI hydrogel Improves Cardiac Function by Increasing Borderzone

Contractility Two Days Post-Injection.

The previous study determined that injection of rHCI hydrogel 7 days post-MI leads
to acute improvement of contractility of the borderzone myocardium compared to PBS-
treated mice. The next objectives were to determine if the increase in borderzone contractility
was accompanied by an improvement in cardiac function 2 days post-rHCI injection and to
uncover the mechanism underlying this acute therapeutic effect. Within 2 days of treatment,
mice treated with rHCI hydrogel show increased LVEF, SV and CO compared to baseline
and mice receiving PBS injection. A decrease in ESV underlies this improvement in global
cardiac function with rHCI injection. The reduction in ESV is likely a result of increased
shortening, measured by longitudinal strain, in the mid anterior LV wall. The accessible
borderzone myocardium, which is targeted for injection, is located in the mid anterior LV
wall. Therefore, at 2 days post-rHCI injection the increase in borderzone myocardium

contractility improves global cardiac function.

The borderzone myocardium can become functionally coupled to the infarct region'®.
The infarct region is marked by scar tissue that does not contract or can bulge during
contraction (dyskinesis)*®. The myocardium bordering the scar experiences elevated wall
stress, greater stretching, and can become functionally impaired overtime®-"1*13, Strain

imaging can be used clinically to determine the extent of contractile impairment in
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myocardial segments®®. Normal myocardial strain in the longitudinal direction ranges from
-17% to -28.9% in humans®. This is similar to the average strain measured in healthy mouse
hearts in this study, which is -17%. Strain values closer to zero indicate contractile
dysfunction and values greater than zero indicate dyskinetic segments®. In the mid anterior
borderzone myocardium, baseline measurements for both groups and PBS treated animals at
day 2 exhibit functional impairment, with an average strain of - 2.5 to +1.3%. The injection
of rHCI hydrogel increases the shortening of these segments to closer to normal levels of
contraction at -6.9%. This improvement in contractility in the anterior borderzone
myocardium with treatment is not accompanied by an increase in lengthening of the apical
infarct region or desynchrony of contraction. An increase in borderzone contraction can be
expended in lengthening the infarct region, thereby not resulting in forward propulsion of
blood™. However, with tHCI hydrogel injection this is not the case and the increase in
borderzone contractility leads to greater volume of blood pumped out of the heart, and greater

global cardiac function post-ML

4.3.2 The Improvement in Cardiac Function Two Days After rHCI injection is

Equivalent to the Improvement Originally Observed at the Day 28 Endpoint

The acute improvement in cardiac function is maintained out to the 28-day post-
injection endpoint. Over time, both PBS and rHCI treated mice have increases in EDV and
ESV, with rHCI treated mice exhibiting less dilation in ESV at both day 2 and day 28
timepoints. There is also an increase in SV and CO from day 2 to day 28 in both treatment
groups, and again rHCI treated mice have higher SV and CO compared to PBS at each
timepoint. The increase in SV and CO in the PBS treatment group results from increased

filling at end diastole. This allows the volume of blood pumped out per beat (SV) to increase
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through the Frank Starling mechanism to meet the demands of the body post-MI*%>,

However, this compensation mechanism will not maintain cardiac function or prevent heart
failure long-term as dilation begets more dilation through increased wall stress and
myocardial thinning*’¢. There is no improvement in LVEF in the PBS group with time.
LVEF is predictor of survival outcomes in patients with heart failure and post-MI®*+3319,
LVEEF is improved in rHCI treated animals compared to PBS at 2 days and this improvement

is maintained out to day 28. The improvement in borderzone contractility is also maintained

in rHCI treated animals as compared to PBS at the day 2 to day 28 timepoint.

4.3.3 Mechanisms of Acute Functional Improvement Following Hydrogel Injection

Post-MI

Two possible ways that rHCI hydrogel injection could result in an acute improvement
in borderzone contractility are mechanical stabilization of the infarct region or improving the
contraction of borderzone cardiomyocytes. Mechanical stabilization of the infarct region
with a hydrogel or patch can reduce systolic bulging of the infarct region and limit the amount
of borderzone contractile force that is expended in infarct stretching!'®*?!7. Stabilization of
the infarct region can reduce the wall stress in the borderzone myocardium??%*!, There is a
precedent for acute improvement of cardiac function with alginate hydrogel injection
(Algisyl-LVR), measured at 3 hours post-injection in a pre-clinical dog model of heart failure
(LVEF <30%) and this improvement was sustained for 17 weeks!’%!%. The hydrogel
increased wall thickness and modeling suggested that it reduced dyskinesis in the infarct both
of which had an impact in reducing wall stress in the borderzone. Using a finite element
model it was proposed that the reduction in wall stress led to an acute improvement in

contractility within the borderzone!®*. In support of the infarct stabilization theory, the results
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of'aim 1 showed that the stiffness of the infarct region increased with rHCI hydrogel injection

269 However, the stiffness

to levels more similar to healthy myocardium 2 days post-injection
increase in the infarct region with tHCI hydrogel injection does not change the strain in the
infarct region compared to PBS control. Therefore, the hydrogel does not reduce dyskinesis
in the infarct region. In addition, while the hydrogel comprised 8% of the infarct thickness
in treated animals , this did not lead to an increase infarct wall thickness at day 2 or day 28

compared to the control group (data not shown). Therefore, the rHCI hydrogel does not offset

wall stress by increasing infarct thickness in accordance with Laplace’s law!'®.

From these observations, it seems unlikely that mechanical stabilization of the infarct
region is the primary mechanism behind the acute functional improvement with rHCI
injection. Contractility of cardiomyocytes is influenced by factors other than wall stress,
including modification of contractile proteins by oxidative stress. These factors could be
affected by the bioactivity of the rHCI hydrogel. While the acute effects of bioactive
hydrogels on cardiac function post-MI have not been well studied, Mewhort et al.
demonstrated that the bioactivity of their submucosal ECM epicardial patch (CorMatrix-
ECM) was necessary for the improvement of LVEF from baseline to 3 weeks post-treatment
in a rat I/R model*®. Inactivated patches exhibited no improvement on cardiac function.
Another factor to consider is that the improvement in cardiac function is maintained after the
majority of the rHCI hydrogel has been degraded 7 days post-injection®®. In addition to the
trend in reduced AF594-rHCI signal intensity at 7 days post-injection (80% reduction
compared to 2 hours), there is no histological evidence of rHCI in the heart at the 28-day
endpoint. The alginate hydrogel mentioned previously did not degrade during the follow-up

period and also has minimal bioactivity compared to collagen. In a study comparing alginate
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to a bioactive fibrin hydrogel, both improved LVEF by day 2 post-injection, but the
improvement in the fibrin group was lost 5 weeks post-injection due to the degradation of
the gel®!>. Therefore, acute molecular or cellular changes within the myocardium must occur
in response to rHCI injection to retain the improvement in contractility when the hydrogel is
gone. RNA sequencing of LV tissue two-day post-treatment injection was run to detect any
changes in gene expression that may be associated with the acute functional improvement

with rHCI injection.
4.3.4 RNA Sequencing Analysis of LV Tissue Two Days post-rHCI Injection

The RNAseq analysis in this study was able to detect well known pathways that are
differentially regulated post-MI compared to healthy hearts. These include: a downregulation
in oxidative phosphorylation, increase in cytokine production, and an increase in collagen
production with a concomitant increase in collagen binding proteins®*>~?*. These changes
are expected in the proliferative phase of scar formation at 7 days post-MI, when collagen
deposition and ECM remodeling of the maturing scar occur®®’. There were only 7 genes (out
of > 20,000 detected) that were differentially expressed between rHCI and PBS treated LVs
2-day post-injection in MI mice. This was unexpected given the magnitude of the functional
improvement. However, given the short time period from treatment injection to follow-up it
is likely that the majority of changes occur at the post-transcriptional level, including protein
activity changes or reduction of ROS and ROS-derived adduct protein modification. In
addition, bulk RNAseq was performed on LV tissue, as the exact cell type or region where
the hydrogel exerts its potential bioactive effects was not known. It is possible that
cardiomyocyte specific RNAseq or separation of infarct, borderzone, and remote

myocardium may improve the detection of gene expression changes at the short-term time
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point. More specific tissue region or cell specific RNAseq limits the variability in the cell
sources of transcripts and can improve sensitivity to resolve specific differential gene

expression in a target region or cell type of interest®?,

In comparison to the modest changes in gene expression seen with rHCI injection,
Wassenaar et al. showed that in the infarct region of mice treated with a cardiac ECM
hydrogel there were 129 known genes with differential expression 3 days after injection, even
though the samples did not cluster separately!*®. Functional data for the 3-day timepoint was
not provided. This difference in impact on gene expression may result from the localization
of the hydrogels within the heart. The cardiac ECM hydrogel is located within the infarct
region post-injection and there are multiple cell types that invade the hydrogel post-
injection!®*26, The hydrogel leads to changes in expression of a number of genes involved
in angiogenesis and the inflammatory response. This could be due, in part, due to the cellular
invasion and remodeling of the hydrogel within the infarct region. The rHCI hydrogel in this
study is located on the epicardium of the infarct and borderzone. There are cells within the
hydrogel, but these are mainly epicardial cells, which represent a small percentage of the

overall cell population in the heart.
4.3.5 Follow-up Studies on CCL-22 Target Gene

The two target genes that were chosen for follow-up analysis were ERDRI and
CCL22. The expression of Ccl22 by macrophages can lead to the recruitment of regulatory
T-cells, and FOXP3* T-regulatory cells improve the resolution of inflammation post-
MI3%-289-327 The 1.9-fold upregulation of CCL22 expression detected by sequencing could not
be detected by qPCR. These results were confirmed by IHC detection of T-regulatory cells,

in which there was no difference in cell density at 2 days post-injection. However, there was
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an increase in FOXP3" T-regulatory cell density 28 days post-injection in the borderzone
myocardium of rHCI treated MI mice. This observation highlights that some initial changes
in gene expression that are modest at the day 2 timepoint could become greater and have a
functional consequence by day 28. Future studies could perform RNAseq at the day 28
timepoint. However, this would not simply detect gene expression changes underlying the
initial functional improvement with rHCI hydrogel but would also detect changes in gene
expression that result from the maintained functional improvement and the associated

responses that are activated after the hydrogel has degraded.

4.3.6 Erythroid Differentiation Regulator 1 is Downregulated in Cardiomyocytes post-

rHCI Injection

The second target gene from RNA-seq, ERDRI, was confirmed by qPCR to be
downregulated 3-fold in LVs injected with rHCI compared to PBS. Two days after rHCI
injection, there is decreased expression of ERDR 1 by remote and borderzone cardiomyocytes
as well as non-cardiomyocytes within the remote region. Erdrl protein has not been widely
investigated and there is currently no commercially available antibody. It is expressed on the
X and Y chromosomes and in knockout models is embryonic lethal*”°. Erdrl was initially
discovered as a soluble factor that stimulated hemoglobin synthesis in human
erythroleukemia cells in culture®?®. In further investigations, it was found to be a cytokine
that is released under stress conditions in the culture of Burkitt’s lymphoma cell line (BL-
70)**°. At high cell density and high Erdrl concentrations, Erdrl promoted BL-70 cell
apoptosis. However, at low cell density and low Erdrl concentrations, Erdrl promoted cell
survival. Upregulation of ERDRI has promoted apoptosis in a mouse model of melanoma?®?,

279

mediates UVB-induced apoptosis of keratinocytes”’”, and leads to Fas-mediated cell death in
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T-cells in an autocrine manner>***3°, ERDRI expression has pleiotropic effects in other in
vivo models including: suppressing inflammation in mouse models of rheumatoid arthritis

331-333

and psoriasis , increasing survival of chronic lymphocytic leukemia cells in culture***,

and increasing the regeneration of intestinal epithelial cells®*.

In the heart, ERDRI knockdown rescues macrophage migration post-MI in

336

prostaglandin E> knock-out mice™*. ERDRI expression is downregulated in NADPH oxidase

2 knock-out mice*?

. NAPDH oxidase increases ROS levels post-MI and increases dilative
remodelling®’. In mdx mice, which developed severe dilated cardiomyopathy, ERDRI
expression is upregulated in addition to NADPH oxidase 4 and Lysyl oxidase, two major
sources of oxidative stress?*>. Finally, an RNAseq study by Duijvenboden et.al. investigated
the differences between borderzone and remote myocardium and identified ERDRI as a
biomarker for borderzone cardiomyocytes®*s. ERDRI was upregulated 15-fold in borderzone

compared to remote cardiomyocytes. Borderzone cardiomyocytes were shown to switch

from a cardiomyocyte lineage gene program to a stress response program.

In aim 3 of this thesis, follow-up analyses were performed to detect the impact of
rHCI hydrogel on oxidative stress 2 days post-injection. This decision was based on the
known role of ERDRI in apoptosis in other systems, its upregulation in response to oxidative
stress in models of cardiovascular disease, and the finding that ERDRI is downregulated
when rHCI hydrogel improves cardiac function post-MI. However, it is interesting that
ERDRI expression is downregulated in rHCI treated MI mice compared to both PBS treated
MI mice and sham animals, with no difference between PBS and sham. Similar results were
found in the Duijvenboden et al. study, where there was no difference in ERDRI expression

in bulk-sequencing between healthy or borderzone myocardium 7 days post-MI**%. The
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difference between borderzone and remote ERDRI expression was only seen in
cardiomyocyte specific RNAseq. The ERDRI expression levels specifically in healthy
cardiomyocytes were not investigated in this study, so it is unknown if ERDRI expression
is elevated in cardiomyocytes post-MI compared to healthy mice. The receptor(s) for Erdrl
have also not been established. Given the pleiotropic roles of ERDR1 in multiple systems it
is possible that post-MI a different receptor profile on Erdrl responsive cells or interaction
with other pathways upregulated under oxidative stress leads to different responses to Erdrl

post-MI compared to healthy conditions.

4.3.7 rHCI Hydrogel Injection Reduces Oxidative Stress and Cardiomyocyte Apoptosis

Two Days Post-Injection

The injection of rHCI hydrogel post-MI results in lower levels of 4HNE adducts in
the remote myocardium and lower levels of apoptotic cardiomyocytes in the borderzone and
remote myocardium 2 days post-treatment. 4HNE is a reactive aldehyde formed by ROS-
mediated lipid peroxidation®**2’. Mitochondrial dysfunction is a major source of ROS-
derived 4HNE formation in the failing heart, such as increased hydrogen peroxide production
from mitochondrial monoamine oxidase post-MI"**!. 4HNE can form adducts on a variety
of proteins including: mitochondrial proteins, sarcomeric proteins, and enzymes responsible
for 4HNE detoxification, such as ALDH2, thus modifying their function®**-3#*, In addition,
elevated levels of 4HNE post-MI lead to calcium influx into the mitochondria, membrane
depolarization and cardiomyocyte death”. The level of 4HNE is negatively correlated with
cardiac function and it increases overtime in heart failure patients®*. The reduction in 4HNE
levels by rHCI hydrogel injection suggests that this treatment acutely reduces oxidative stress

levels in the remote myocardium. Injection of rHCI did not increase ALDH?2 activity in the
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remote myocardium, therefore it is not involved in removing the 4HNE adducts with rHCI
treatment. 4HNE has a short half-life under physiological conditions, around 2 min, therefore
limiting 4HNE accumulation over 2 days may be sufficient to produce a significant decrease
in 4HNE from PBS-treated mice without an increase in clearance®*®. There are also other
enzymes that can detoxify 4HNE including glutathione-S-transferase (GST) and aldo-keto
reductases (AKRs)**. Therefore, rHCI hydrogel could both reduce 4HNE accumulation and

increase 4HNE clearance by an ALDH?2 independent mechanism.

The reduction in cardiomyocyte apoptosis occurs concurrently in the regions which
have reduced ERDRI expression post-rHCI injection, namely borderzone and remote
myocardium. This implicates ERDRI as a factor upregulated in cardiomyocytes experiencing
higher levels of oxidative stress, and in regions of the myocardium with higher apoptotic rate.
However, a knockdown experiment will be required in future studies to determine if ERDR]
downregulation can lead to a reduction of oxidative stress and apoptosis post-MI. As previous
research in the gut has shown that ERDRI knockout is embryonic lethal, and conditional
knockdown is difficult to achieve based on the flanking sequences on the chromosome, a
short hairpin RNA (shRNA) knockdown could be used in future studies to understand the

role of ERDRI post-MI.2%0-3%0

An increase in cardiomyocyte apoptotic rate is observed in heart failure patients and
is correlated with LV function in experimental MI models®*34*47 Persistent, elevated
oxidative stress and mitochondrial dysfunction post-MI is also involved in cardiomyocyte
hypertrophy and eventually apoptosis downstream of apoptotic signal related kinase 1
(ASK1)*7376 At the 28-day endpoint rHCI treated MI mice have less hypertrophic

cardiomyocytes and greater cardiomyocyte density within the borderzone and remote
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myocardium. This may be the result of lower levels of apoptosis and oxidative stress adducts

within the myocardium starting at the 2-day timepoint post-treatment.

The reduction in oxidative stress, detected by 4HNE adducts, could underlie the
reduction in apoptotic cardiomyocyte rate in the remote myocardium. However, the lower
rate of apoptosis in the borderzone myocardium, the key area of contractile improvement, is
independent of 4HNE levels. Furthermore, 4HNE levels appear to increase in both groups
over time and are not different between treatment groups at day 28, while the improvement
in cardiac function is maintained at this timepoint in rHCI treated animals. Therefore, the
acute reduction in 4HNE with rHCI hydrogel injection most likely does not directly mediate

its immediate impact on contractility and cardiac function post-MI.

4.3.8 rHCI Hydrogel Soaks Up Free Methylglyoxal and Reduces MG-H1 Adducts

Within Cardiomyocytes

The data indicates that the improvement in cardiac function 2 days after rHCI
injection is associated with ERDRI downregulation, reduction in oxidative stress, and
reduction in apoptosis of cardiomyocytes. However, the question remained how the hydrogel,
located at the epicardial surface, could reduce the level of oxidative stress in the myocardium
below. In addition, the link between acute reduction in oxidative stress and increase in

borderzone contractility with rHCI injection had not been determined.

Methylglyoxal adducts were studied due to their ability to modify collagens, modify
contractile proteins and stimulate ROS production!?%!2>3%  Methylglyoxal is a reactive
119,122

dicarbonyl that is primarily generated as an endogenous by-product of glycolysis

Methylglyoxal modifies arginine and lysine residues on proteins. The main MG-AGE formed
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is the MG-H1 adduct, which can compromise protein function'?

. Methylglyoxal was initially
studied in complications associated with diabetes. For example, in patients with diabetic
cardiomyopathy. High glucose levels led to impaired diastolic filling due to MG-H1
crosslinks in ECM collagen that increased chamber stiffness'?*!27*4°. MG-H1 levels increase
as early as 6h post-MI and have been shown to contribute to a decline in cardiac function,
impaired angiogenesis, and cardiomyocyte apoptosis>>. MG-HI1 levels are increased by high
levels of oxidative stress, such as ischemia/reperfusion injury, and in turn can increase ROS
through RAGE signaling in a positive feedback loop**®3>!. Two days after injection of rHCI
hydrogel there was a reduction in MG-H1 levels within cardiomyocytes in the infarct,
borderzone, and remote myocardium. The MG-HI levels in cardiomyocytes showed a
characteristic sarcomere banding pattern. Previous studies have shown that MG-H1 modifies
contractile proteins within cardiomyocytes leading to impaired calcium handling, less actin-
myosin interactions, and lower contractile force’>*2. Therefore, the reduction in MG-H1
within cardiomyocytes, may underlie the improvement in contractility and reduction in
cardiomyocyte apoptosis observed two days post-rHCI injection. There was also a reduction
in MG-HI1 modified collagen of the infarct, borderzone, and remote myocardium of rHCI
treated mice. MG-H1 can modify RGD integrin binding sites on collagen, leading to cell
anoikis, and can upregulate ROS production in cells through RAGE!?>353, This may explain
the reduction in apoptosis in both cardiomyocyte and non-cardiomyocytes within the
borderzone and remote myocardium with rHCI treatment. The levels of MG-H1 on collagen
and within cardiomyocytes remain reduced within the infarct and borderzone myocardium at
day 28 post-rHCI injection. The level of myocardial salvage is higher in both infarct and
borderzone myocardium at day 28 endpoint in the rHCI treatment group as well. The

reduction in borderzone MG-H]1 levels within borderzone cardiomyocytes is concurrent with
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and may contribute to the improved contractility in the borderzone myocardium at both day

2 and day 28 post-MI.

The reduction in MG-H1 levels in the heart tissue of rHCI treated mice may be in part
due to the uptake of free methylglyoxal into the hydrogel at the epicardial surface. MG-H1
adducts are estimated to have a half life of 2-3 weeks under physiological conditions'?.
Therefore, the reduction in MG-H1 levels on native collagen and within cardiomyocytes, is
most likely due to reduced production of new MG-H1 adducts or the enzymatic removal of
MG-HI1 adducts through the glyoxalase system. The high level of MG-H1 modification of
the rHCI hydrogel, ~50% of its total area, suggests that the level of free methylglyoxal within
the myocardium is high. The hydrogel prevents this free methylglyoxal from modifying
proteins within the myocardium and suggests that limiting the build up of further MG-H1
modifications is a major component of the difference in MG-H1 levels between PBS and
rHCI injection 2 days post-treatment. It was observed that the MG-H1 levels in the control
group appear to be lower at day 28 compared to day 2. Therefore, MG-H1 adducts may be
cleared overtime as the inflammation and oxidative stress from the initial MI injury is
resolved. The acute reduction of MG-H1 with rHCI treatment persists compared to PBS in
the infarct and borderzone. This suggests the uptake of methylglyoxal by rHCI hydrogel may
speed up the resolution of MG-HI stress in these areas. Further studies will need to establish
whether the uptake of MG-H1 by rHCI hydrogel is sufficient to reduce MG-HI1 levels in the
myocardium. Overexpression of glyoxalase-1 (GLO1), the rate limiting enzyme involved in
MG-H1 removal, has previously been shown to reduce MG-H1 build up and improve cardiac

function within a week post-MI>*. There is no upregulation of GLO! detected by RNA-seq,
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but further studies will need to establish whether or not increased GLO1 activity plays a role

in MG-HI1 reduction with rHCI hydrogel injection.

4.3.9 Proposed Mechanism for the Improvement in Cardiac Function with rHCI

Hydrogel Injection Post-MI

The injection of rHCI hydrogel leads to an acute improvement in borderzone
contractility and cardiac function within 2 days of injection that is maintained out to 28 days.
Due to the limited increase in infarct thickness and the lack of improvement in contractility
of the scar, rHCI injection likely does not achieve greater cardiac function through infarct
stabilization. At the day 2 timepoint there is a concurrent reduction in ROS intermediates,
4HNE and MG-H1, within the myocardium and a lower cardiomyocyte apoptosis rate
indicating a lower level of oxidative stress with rHCI treatment. In particular, the uptake of
methylglyoxal into rHCI hydrogel at the epicardial surface may lower the level of MG-H1
adducts within cardiomyocytes. MG-H1 adducts within cardiomyocytes bind to sarcomeric
proteins and have been previously shown to impair contractility”>. The proposed mechanism
of action is that methylglyoxal uptake into the epicardial rHCI layer reduces the MG-H]1
build up in the borderzone cardiomyocytes, leading to improved cardiomyocyte contractility
and an acute improvement in cardiac function. The reduction in MG-H1 in borderzone
cardiomyocytes is sustained after the hydrogel is degraded and allows for maintained
improvement in cardiac function out to the 28-day endpoint. The lower levels of MG-HI
found in all regions at day 2, both on collagen and within cardiomyocytes, result in a
reduction in oxidative stress, leading to lower rates of cardiomyocyte apoptosis and greater

myocardial salvage at the 28-day endpoint. The level of MG-H1 within borderzone and
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infarct cardiomyocytes remains reduced out to day 28 and there is improved cardiomyocyte

salvage in rHCI-treated mice.
4.4 General Discussion
4.4.1 Comparison to Other Hydrogel Therapies

There are several key differences between the in vivo performance of rHCI hydrogel
and that of previously studied type I animal collagen gels studied in our lab. The two previous
studies used 0.375% rat tail type I collagen, one with glutaraldehyde crosslinker and the other
with EDC/NHS crosslinking system!”>!7. Both hydrogels were injected 7 days post-MI in
the mouse LAD ligation model. The glutaraldehyde-crosslinked rat tail collagen hydrogel
preserved LVEF from 1 week to day 28 post-MI but showed no improvement over baseline.
The EDC-crosslinked rat tail collagen had more modest improvement in LVEF compared to
PBS at 4-week follow-up (~7%) compared to rHCI hydrogel (~20%). Comparisons to
baseline function 1-week post-MI were not presented. The improvement in LVEF over PBS
was similar to rHCI hydrogel when the EDC crosslinked rat tail gel was injected 3 hours
post-MI. Therefore, rHCI hydrogel provides a greater functional benefit in an established
scar. The functional benefit observed with rHCI hydrogel injection is equivalent to or greater
than that seen in small animal studies of hydrogels and patches currently being tested in
clinical trials for to treat heart failure post-MI'762333%% The materials currently in clinical
trials include alginate and decellularized porcine ECM 71294225 Some of the benefits of rHCI
hydrogel is that it provides greater bioactivity than alginate without the concerns of
immunogenicity of decellularized animal ECM materials currently being test in the clinic

(see SWOT analysis Figure 4.1). While rHCI hydrogels do not have the native tissue
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complexity that decellularized ECM materials possess, the simple composition of rHCI

hydrogels limits batch to batch variability.

STRENGTHS

» Prepared from recombinant human protein,

rather than animal source collagen. » Costof rHCI.
» Hydrogel preparation procedure has been » Kepton ice prior to injection.
translated to the clinic previously. » Potential need for epicardial delivery.

» Improves contractility in and restores cardiac

Y

Less complexity as compared to decellularized

function in the proliferative phase. ECM.
> Reduces MG-H1 levels in the heart. > Lack of infarct angiogenesis at endpoint
» Greater batch-to-batch reproducibility than S

decellularized ECM.

v

» If epicardial localization required, surgery may New epicardial delivery methods are being

be required. developed.

> Effectiveness in advanced heart failure » MGis elevated in common patient co-
unknown, common phase | population for new morbidities.
biomaterial therapies. » Effective for patients delayed in seeking

treatment post-MI.

Figure 4.1. SWOT analysis of tHCI hydrogel as compared to current acellular biomaterial
options in clinical trials.

One of the key differences between rHC and animal-derived collagen gels previously
developed in our lab is that rHCI is located on the epicardial surface of the infarct and
borderzone post-injection. The animal-derived collagen hydrogels were are detected within

the infarcted myocardium?*®

. The anterior borderzone myocardium was targeted for injection
for both hydrogel trials and the same mouse model of MI was used. The difference in
hydrogel localization may result from increased viscosity of the rHCI injectate compared to
the animal derived collagens. The increased viscosity is due to a 3-fold greater concentration
of collagen compared to both rat tail collagen hydrogels and a 6-fold greater concentration

of EDC crosslinker in solution, when compared to the EDC-crosslinked rat tail collagen gel.

The viscosity of the injectate may lead to it being pushed onto the epicardial surface post-
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injection. In contrast to the animal derived collagens, the rHCI hydrogel does not improve
vascular density within the infarcted myocardium. The collagen hydrogels that are located
within the infarct region will be better able to stimulate angiogenesis compared to rHCI at
the epicardial surface. However, the epicardial localization of rHCI may be critical to soak
methylglyoxal radicals out of the myocardium below, leading to improved myocardial
contractility. The importance of epicardial localization will need to be determined in order to
optimize hydrogel delivery in larger animal models. An rHCI hydrogel can be designed with
viscosity similar to the previous animal-derived collagen hydrogels and ex vivo fluorescent
imaging of tagged hydrogels can determine if this leads to intramyocardial localization of the
hydrogel. The functional impact of rHCI hydrogels on the epicardial surface and within the
infarct region can be compared to determine if epicardial localization is required for

functional improvement.

If epicardial localization is required to maximize the improvement in cardiac function
with treatment, the rHCI hydrogel will need to be delivered by epicardial intramyocardial
injection rather than catheter-based endomyocardial injection in the clinic. Clinical trials
have been performed with Algisyl-LVR injection through ministernotomy in patients with
advanced chronic heart failure??*?*. The procedure was safe; however, it will limit the
patient population that is eligible for hydrogel injection due to the invasiveness of the
procedure. In addition, it cannot be completed at the 14-day post-MI timepoint unless
injection is done alongside CABG?’!. Future pre-clinical studies of rHCI hydrogel can be
designed to test if rtHCI injection can improve cardiac function in more advanced heart failure
models, such as 5 weeks post-MI in rodents. There have been developments in catheter

technology that allow minimally invasive delivery of hydrogels through the pericardial space
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onto the epicardium post-MI?*>2% However, they have only been successfully used to
delivery biomaterials in large animal models in current publications and clinical data is not
yet available. Finally, several synthetic polymer hydrogels have been designed to scavenge
ROS and reduce oxidative damage post-MI**>>. To our knowledge, this is the first description

of radical scavenging by a natural hydrogel.
4.4.2 Study Limitations and Future Directions

A limitation of the animal model used in this study is that the mice do not have
common comorbidities seen in patients with MI in clinic such as older age and diabetes!®.
These comorbidities can reduce the capacity of bioactive biomaterials to stimulate
endogenous repair due to reduced regenerative capacity within the tissue and defective
progenitor cell populations®>®3>’. In addition, permenant ligation models do not replicate the
increase in ROS stimulated by reperfusion injury. Reperfusion is performed in the majority
of patients post-MI'*!!, However, the effect of rHCI hydrogel therapy may not be limited by
these patient characteristics, as elevated MG-H1 modifications are associated with the
damage caused by both comorbidities and reperfusion injury*>*33%3¥ An additional
limitation to the mouse model of MI is that the mice are not given current guideline directed
medical therapy, such as B-blockers and ACE inhibitors!®. These drugs are not administered
in most pre-clinical models of M1 as the goal is to determine the effect of a novel therapy on
cardiac function. However, the interaction and/or possible overlap in benefits with current
therapy and rHCI hydrogel will need to be tested in large animal model of MI. Given that 3-
blockers and ACE inhibitors reduce distending pressures on the heart and reduce
neurohormonal stimulation to limit dilation post-MI, the overlap with rHCI hydrogel
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injection is likely to be small*’. There is some data to suggest that B-blocker therapy does not
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reduce ROS adducts in congenital heart disease’®, indicating rHCI hydrogel-mediated
reduction of MG-H1 may exert additional benefits to the current guideline-directed medical
therapy post-MI. The final limitation in the mouse model was the impact of rHCI hydrogel
on cardiac function was only monitored for 4 weeks. At this timepoint deterioration in
function from pathological remodeling can be seen in control animals. However, further
studies will need to establish sustained improvement out to 3-4 months post-injection at

which point a survival benefit can be determined.

The studies in this thesis establish several key features of rHCI hydrogel injection
post-MI that can inform potential translation to large animals and clinical trials. These
discoveries include: the epicardial localization of the hydrogel, the minimal inflammatory
response to rHCI injection, and the ability of rHCI to reduce MG-H1 modification levels in
the myocardium. However, the proposed mechanism of action for rHCI hydrogel injection
raises further research questions. First, is methylglyoxal uptake into the rHCI hydrogel
required for cardiac functional improvement post-MI? To answer this, the rHCI hydrogel
solution could be pre-modified by methylglyoxal prior to injection, such that no
methylglyoxal uptake is possible. These MG-H1 modified hydrogels would be expected to
have a reduced impact on cardiac function. In addition, the dose-response relationship needs
investigated for rHCI hydrogels and could be done by injecting lower volumes of material
into the heart post-MI and measuring cardiac function in response to dose delivered. Also,
the effect of rHCI hydrogel on GLO1 activity and MG-H1 clearance was not addressed in
this thesis work. Another question raised is whether MG-H1 reduction from 7 to 9 days post-

MI in mice is sufficient to improve cardiac function? To test this hypothesis an inducible
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over-expression model of GLO1 in heart tissue could be created to reduce methylglyoxal

levels from day 7 to day 9 post-MI while cardiac function is measured by echocardiography.

The role of ERDRI downregulation in the reduction of MG-H1 and cardiomyocyte
apoptosis has also not been established in this work. Little is known about the signaling
pathways activated by Erdrl post-MI. Future research studies can establish the change in
cardiomyocyte expression of ERDRI in response to MG-H1 and whether Erdrl can stimulate
cardiomyocyte ROS production, hypertrophy, and oxidative stress. One final limitation to be
considered for these studies is that rHC hydrogel degradation was measured ex vivo by a
fluorescent reporter. /n vivo imaging would provide a more accurate degradation rate for the
hydrogels. In particular monitoring hydrogel degradation overtime by MRI would be
beneficial as one can simultaneously measure cardiac function, myocardial wall stress and

strain'”’

. Differential gene expression post-rHCI degradation could also be informative to
understand the remodeling response of the heart to sustain functional improvement once the

rHCI hydrogel is no longer present.

4.4.3 Conclusion

The results of this research have established rHC hydrogels as effective treatments to
limit ventricular remodeling post-MI. The rHCI hydrogel is the superior performing
treatment when injected during the proliferative phase of healing post-MI. Injection of rHCI
stimulates an increase in borderzone contractility that improves cardiac function. Further
studies determined that rHCI hydrogel scavenges free methylglyoxal to reduce MG-H1
modification of collagen and cardiomyocyte contractile proteins in the myocardium. The role
of elevated MG-H1 in exacerbating ischemia-reperfusion injury and heart failure highlights

the potential for rHCI hydrogel injection post-MI to address an unmet clinical need.

147



Appendices
Appendix A: Supplementary Data

Supplementary Data for Aims 1 and 2.

Supplemental figures and tables for aims 1 and 2 were published in McLaughlin and McNeill

et.al. Nature Communications 10 (2019) 4866. The are presented here with minor

modifications.
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Figure S1. Effect of chondroitin sulfate on the collagen matrices’ physical properties. (A)
Denaturation temperatures for collagen matrices prepared without chondroitin sulfate (Tq)
(°C; n=3). Bars represent mean + SEM. (B) Mean pore size measured for collagen matrices
with (+) or without (-) chondroitin sulfate. Bars represent mean £+ SD. For A-B, n indicates

the number of hydrogel batches.
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Figure S2. Histological examination of rHC hydrogel-treated MI mouse hearts at 2 hours
post-injection. The sections show fluorescently labeled (A) rHCI hydrogel and (B) rHCIII
hydrogel. Fluorescence images show AF594 labeled rHCI/III hydrogels (red) and DAPI-
stained cell nuclei (blue). Corresponding serial sections were stained with H&E. Scale bars
for top images = 1 mm. Red boxes in the top images identify the area that is magnified below
(scale bars = 0.1 mm). (C) and (D) depict fluorescence images of sections at different depths
for the hearts that received the AF594 labeled (C) rHCI or (D) rHCIII matrices. The sections
start at around 1.44 mm from the Apex (denoted as Apex) and increase in 0.48 mm
increments towards the base of the heart (aorta/valve). Scale bars =2 mm.
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Figure S3. Changes in left ventricle ejection fraction for collagen matrices and non-
crosslinked collagen solutions. Change in left ventricular ejection fraction (LVEF) from
baseline to day 28 follow-up after injection of collagen matrices (rHCI and rHCIII) and non-
crosslinked human recombinant collagen solutions (rHCI only and rHCIII only) in mice with
myocardial infarction. Samples sizes for PBS, rHCI and rHCIII were n = 11-15. Sample sizes
for rHCI only and rHCIII only were n=3-5. P values were calculated from a one-way
ANOVA for effect of treatment followed by Holm’s corrected multiple comparisons. The n
values indicate the number of mice per group.
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Figure S4. The change in end systolic volume and end diastolic volume from baseline to day
28 follow-up post-rHC injection in mice with myocardial infarction. Change in (A) end-
systolic volume (ESV) and (B) end-diastolic volume (EDV) for the different treatment
groups. Bars represent mean = SEM (n=11 for PBS, n=15 for rHCI, and n=13 for rHCIII). P
values were calculated from a two-way ANOVA followed by Holm’s corrected multiple
comparisons. For A-B, n indicates the number of mice per group.
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Figure S5. Myocardial strain is improved in rHCI mice two days post-injection within the
mid anterior LV wall which is the targeted injection region. (A) Example images from
Vevostrain analysis of long axis B mode echocardiograms taken at two days post-injection
in mice which were treated seven days post-MI. A healthy age-matched control in addition
to PBS and rHCI treated mice are shown. For the strain analysis, the LV is split into six
segments indicated in the legend. The region where the treatments are injected is highlighted
(seg 5 anterior mid). The strain curves in each segment indicate the displacement of the
endocardium over time through the cardiac contractile cycle. Strain is reported as a
percentage indicating the change in position of the endocardium relative to its initial position
at end diastole. The heart shortens in the longitudinal direction as it contracts, therefore the
strain will become more negative during systole and in a healthy animal should peak at the
aortic valve closure (AVC). To determine the impact of rHCI injection on cardiac
contractility the strain reached at the time of the AVC (red line) was used for analysis. Below
the strain curves is an example of the segmentation beside the echocardiogram of the heart.
The values within the segmentation diagram correspond to the peak percent strain achieved
in that region along with the phase of the cardiac cycle when that strain was reached. (B)
Data are presented as mean + SEM for longitudinal strain at the time of aortic valve closure
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within each segment of the LV. The final graph indicates the maximum opposing wall delay
which is the difference in the time to reach peak strain between anterior and posterior regions
of the LV myocardium. PBS (n=12), rHCI (n=11), rHCIHI (n=5). Significance was
determined with a one-way ANOVA for effect of treatment followed up with Dunnett-
corrected post-hoc tests between treatment groups and PBS control. The dashed line indicates

the average value of aged matched healthy control mice. The n value indicates the number
of mice per group.
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Figure S6. Flow cytometry analysis of mouse blood at 2 days post-treatment. Live single
cells were sorted into leukocyte subsets based on the expression of CD45, CD11b, Ly6G,
CD3, B220, and Ly6C. P values were determined by a one-way ANOVA for effect of
treatment followed by Holm’s correction for multiple comparisons. Data is represented as
the mean &+ SEM (n=5-7). The n values indicate the number of mice per group.

153



250K 7 250K q Cellgate 250K
200K 7 200K 1 200K 1
< 3 u o ]
Ll) 150K (.I) 150K g 150K 4
) ] n
» 100K 7] L 100K Tsinge Celis @ 100K 7
50K 7 50K 1 50K ] :
0 0 , , ’ ’ o Single cell gate
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 103 o0 103 104 105
FSC-A FSC-A Comp-AmCyanA: Live Dead
o Monocyte Gate
e > . r @
250K % Live gate 8 105 Neutrophils Lymphocyte Gate E 1 0] y5c" macrophages Ly6CY macrophages
200K i EnEE 8 '1( .
! < s O < |
g T 104 7 © 104
< 150k A e < © 104
2 g 1 L S
= o [ 1
E 3 o
O 100K d‘f 10 E g‘_ §1035
a o4 o ]
50K ] S 3 < od
o 3'; Lymphocytes Monocytes 8 cells o 4
o J O -10°4 251 656 g_1035 Ly6C® monocytes Ly6CY monocytes
400 0 100 104 108 40 0 108 10¢  10° 40 0 108 100 105 9 403 0 107 10 105
Comp-APC-Cy7-ACD45 Comp-Pe-Cy7-ACD11b Comp-Alexa Fluor 488-A B220 Comp-BV421-ALy6C
9000 3000 . 1200 P=003 1200
_ gz P =0.035 o
2 H 2 £
K] 2 3 2
P 2 g 2
D 4500 b o 150 2 600 2 et
5 =4 1] -4
[*] Q o Q
£ e s o
g g g g
| s S =
=
0 " " i 0 0 0
PBS rHClI  rHCIIl PBS rHCI rHCIll PBS rHCI  rHCIIl PBS fHCI  rHCIll
1200 p 1200 p 800
Bl .y | |
£ > El
] £ £
= = =
% 600 | % 600 b _I_ _L ‘:’ 400 | _l_ |
g 3 8
3 o —
=z
. o £ . . o ) i
PBS rHCI rHCIII PBS rHCI rHCIIl PBS rHCI rHCIIl

Figure S7. Flow cytometry analysis of mouse heart cells at 2 days post-treatment. Live single
cells were sorted into leukocyte subsets based on the expression of CD45, CDI11b, Ly6G,
CD3, B220, F480 and Ly6C. P values were determined by a one-way ANOVA for effect of
treatment followed by Holm’s correction for multiple comparisons. Data is represented as
the mean =£SEM (n=5-7). The n values indicate the number of mice per group.
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Figure S8. Flow cytometry analysis of mouse spleen cells at 2 days post-treatment. Live
single cells were sorted into leukocyte subsets based on the expression of CD45, CD11b,
Ly6G, CD3, B220, F480 and Ly6C. P values were determined by a one-way ANOVA for
effect of treatment followed by Holm’s correction for multiple comparisons. Data is
represented as the mean £ SEM (n=5-7). The n values indicate the number of mice per group.
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Figure S9. Number of adherent macrophages after culture on rHC matrices. rHCI and rHCIII
coated wells were seeded with bone marrow derived macrophages (BMDMs) (n=4). Bars
represent mean + SD. n indicates the number of mice (mouse bone marrow) per group.

Group n Heart rate PR interval ORS interval OT interval oT (%)
PBS 11 13.6+20.2 -0.44+28.1 2.3+27.9 -7.0+£24.3 5.5+32.9
rHCI 12 22.0£10.6 -36.7£31.4 * -12.3422.6 -14.6+28.5 4.3+37.1

rHCIII 5 16.6+12.0 16.7+18.1 9.8+21.7 9.4+15.0 27.7422.1

*p<0.05, vs PBS and rHCIII, calculated from Tukey's HSD test

Table S1. ECG-derived parameters measured at 2 days post-treatment. Values represented
as % change to baseline.

156



Supplementary Data for Aim 3
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Figure S10. rHCI hydrogel improves end systolic volume, stroke volume, and cardiac output
2 days post-injection in a mouse model of myocardial infarction. Seven days post-myocardial
infarction, mice received intramyocardial injection of either rHCI hydrogel (n = 20) or PBS
(n = 16). Echocardiography measurements were taken at baseline prior to injection and 2
days post-treatment injection. The cardiac functional parameters measured were: A) end
systolic volume (ESV), B) end diastolic volume (EDV), C) stroke volume (SV), and D)
cardiac output (CO). Data presented as mean = SEM. Statistical significance was determined
by a two-way ANOVA followed by Holm’s multiple comparison corrections and was noted
as * p<0.05, ** p<0.01 or *** p<0.001.
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Figure S11. The improvement in stroke volume and cardiac output observed 2 days post-
rHCI injection is maintained at the 28-day endpoint. Fold change in echocardiography
measurements of (A) stroke volume (SV) and (B) cardiac output (CO) for day 2 and day 28
post-treatment injection relative to baseline prior to injection. Mice received intramyocardial
injection of rHCI (n = 16) or PBS (n = 14) seven days post-myocardial infarction. Data
presented as mean = SEM. Statistical significance was determined by a two-way ANOVA
followed by Holm’s multiple comparison corrections and was noted as * p < 0.05, ** p <
0.01 or *** p <0.001. No difference, between rHCI at day 2 and day 28 is highlighted by ns

(p > 0.05).
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Figure S12. Longitudinal endocardial strain at baseline and day 2 post-treatment in a mouse
model of myocardial infarction. As a measure of contractility, peak myocardial strain was
calculated from long axis B mode echocardiograms of the left ventricle (LV) using
Vevostrain software. At seven days post-myocardial infarction, mice were injected with rHCI
hydrogel (n=20) or PBS (n=16) in the anterior border zone myocardium. Echocardiography
was performed at baseline prior to injection and at day 2 post-injection. Longitudinal
endocardial percent strain at the aortic valve closure (AVC) was measured in base, mid and
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apical regions of the posterior and anterior LV wall (A-F). The average percent strain of the
LV (G) and maximum delay in peak strain reached by opposing LV segments (H) were also
recorded. At day 2 post-injection, mice treated with rHCI hydrogel had improved strain in
the mid anterior LV wall segment. This segment includes the anterior border zone region
where the treatments are injected at baseline. The average strain values for each region in
sham control mice are noted for reference by a dashed line. Colours of the corresponding
segment strain curve from the software output graphs (Figure S3) are noted above the plots.
Data presented as mean + SEM. Statistical significance was determined by a two-way
ANOVA followed by Holm’s multiple comparison correction and was noted as * p < 0.05,
¥ p <0.01 or *** p <0.001.
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Figure S13. Fold change in longitudinal endocardial strain from baseline to day 2 and day
28 post-treatment endpoints in a mouse model of myocardial infarction. As a measure of
contractility, peak myocardial strain was calculated from long axis B mode echocardiograms
of the left ventricle (LV) using Vevostrain software. At seven days post-myocardial
infarction, mice were injected with rHCI hydrogel (n = 16) or PBS (n = 14) in the anterior
border zone myocardium. Echocardiography was performed at baseline prior to injection as
well as day 2 and day 28 post-injection. Change from baseline in longitudinal endocardial
percent strain at the aortic valve closure (AVC) was measured in base, mid and apical regions
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of the posterior and anterior LV wall (A-F) at day 2 and day 28 post-treatment. The change
from baseline in average percent strain of the LV (G) and standard deviation of strain values
in all regions (H) were also recorded. The mid anterior wall segment includes the anterior
border zone region where the treatments are injected at baseline. Colours of the
corresponding segment strain curve from the software output graphs (Figure S3) are noted
above the plots. Data presented as mean + SEM. Statistical significance was determined by
a two-way ANOVA followed by Holm’s multiple comparison correction and was noted as *
p <0.05, ** p<0.01 or *** p <0.001.
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Figure S14. KEGG pathway analysis schematic for differentially expressed genes involved
in the oxidative phosphorylation pathways between PBS and sham mice as well as rHCI and
sham mice. Mice received intramyocardial injection of PBS (n = 5) or rHCI (n = 5) seven
days after myocardial infarction. A myocardial infarction was not induced in sham animals.
Two days after treatment injection, RNA was isolated from left ventricle tissue of PBS, rHCI
and sham (n = 5) mice. Next generation sequencing was followed by differential expression
analysis and KEGG enrichment analysis. Downregulated genes in comparison to sham are
indicated in green. Upregulated genes in PBS relative to sham are in green and downregulated
genes are in red. This analysis was completed by C3G bioinformatics group.
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Figure S15. KEGG pathway analysis schematic for differentially expressed genes involved
in the cytokine-cytokine receptor interaction between PBS and sham mice as well as rHCI
and sham mice. Mice received intramyocardial injection of PBS (n=5) or rHCI (n = 5) seven
days after myocardial infarction. A myocardial infarction was not induced in sham animals.
Two days after treatment injection, RNA was isolated from left ventricle tissue of PBS, rHCI
and sham (n = 5) mice. Next generation sequencing was followed by differential expression
analysis and KEGG enrichment analysis. Downregulated genes in compared to sham are
indicated in green. Upregulated genes in PBS relative to sham are in green and downregulated

genes are in red. Analysis was completed by C3G bioinformatics group.
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Figure S16. KEGG pathway analysis schematic for differentially expressed genes involved
in cell adhesion molecule interactions a between PBS and sham mice as well as rHCI and
sham mice. Mice received intramyocardial injection of PBS (n = 5) or rHCI (n = 5) seven
days after myocardial infarction. A myocardial infarction was not induced in sham animals.
Two days after treatment injection, RNA was isolated from left ventricle tissue of PBS, rHCI
and sham (n = 5) mice. Next generation sequencing was followed by differential expression
analysis and KEGG enrichment analysis. Downregulated genes in compared to sham are
indicated in green. Upregulated genes in PBS relative to sham are in green and downregulated
genes are in red. Analysis was completed by C3G bioinformatics group.
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Figure S17. Intramyocardial injection of rHCI hydrogel into the infarct borderzone does not
change regulatory T cell density 2 days after treatment, however there is increased T
regulatory cell density in the borderzone at 28 days post-injection. Seven days after
myocardial infarction was induced, mice received intramyocardial injection of PBS or rHCI
hydrogel. Hearts were harvested at 2 days (PBS n = 8 and rHCI n = 9) or 28 days (PBS n =
14 and rHCI n = 13) after treatment. IHC staining for CD3 and FOXP3 was used to detect T
regulatory cells (CD3"FOXP3") and all other T cell populations (CD3"FOXP3") in the
infarct, borderzone (border) and remote myocardium 2 days (A, C) and 28 days (B, D) after
treatment. Data are presented £ SEM. A significant difference between treatments for a given
region was determined by an unpaired t test and denoted as *p < 0.05. Statistical analysis was
done in Prism software.
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Figure S18 Erythroid differentiation regulator 1 (ERDRI) expression is lower in non-
cardiomyocytes 2 days after rHCI treatment injection in a mouse model of myocardial
infarction. RN Ascope multiplex fluorescent detection kit was used to detect ERDRI mRNA
transcripts in mouse heart tissue. Mice received intramyocardial injection of rHCI (n = 6) or
PBS (n =7) at seven days post-myocardial infarction. Hearts were harvested two days post-
treatment and fresh frozen tissue sections were prepared for in situ hybridization. A-C)
Percentage of non-cardiomyocytes that express ERDRI for remote, borderzone and infarct
regions. D-F) H score of ERDRI expression levels in remote, borderzone and infarct
cardiomyocytes. Three levels of expression are defined as bins of transcripts per cell: 1-7, 8-
15 and >15, in addition to negative cells. H Scores can range from 0-300 with 300 being
100% of cells have greater than 15 ERDRI transcripts. Data are presented as mean + SEM.
Significance was determined by an unpaired t-test noted as * p < 0.05. Statistics were run in
prism software. Image analysis was run in QuPath software.
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Figure S19. The level of 4HNE adducts is not different between rHCI and PBS treatment
groups 28 days post-injection in a mouse model of myocardial infarction. Seven days after
myocardial infarction, mice received intramyocardial injection of PBS (n = 7) or rHCI
hydrogel (n = 7). Hearts were harvested 28 days after treatment. A) Example images for 4-
hydroxynoneal (4HNE) IHC staining (green) in the remote myocardium, scale bars indicate
100 um. B) 4HNE" area in the borderzone (border), remote myocardium and total left
ventricle (LV) of PBS and rHCI treated mice. Image analysis was run in QuPath software.
Data are presented as mean + SEM. Significance between treatments in a region was
determined by an unpaired t-test. Significance threshold was p < 0.05. Statistics were run in

Prism software.
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Figure S20. Mitochondrial aldehyde dehydrogenase activity in the remote region was not
affected by rHCI hydrogel treatment 2 days after treatment in mice with myocardial
infarction. Seven days after myocardial infarction, mice received intramyocardial injection
of PBS (n = 6) or rHCI (n = 6). Left ventricle tissue was harvested 2 days after treatment
injection, and the remote myocardium was separated from infarct and borderzone.
Mitochondrial aldehyde dehydrogenase (ALDH2) was immunocaptured from remote tissue
homogenates using an ALDH?2 activity assay kit. ALDH?2 activity was measured by reagent
dye absorption (450 nm) due the increased acidity of solution with nicotinamide adenine
dinucleotide reduction. Activity is measured as the rate of change in optical density (mOD)
at 450 nm per minute. The blank sample was 0.17 mOD/min. Data are presented as mean +
SEM. P value determined by an unpaired t test. Statistical analysis run in excel and Prism
software.
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Figure S21. Apoptosis is reduced in non-cardiomyocyte cells two days after injection of
rHCI hydrogel in a mouse model of myocardial infarction. Mice received intramyocardial
injection of PBS (n = 8) or rHCI (n = 9) 7 days after myocardial infarction. Hearts were
harvested for histology 2 days post-treatment injection. IHC staining was completed for
detecting TUNEL" apoptotic cells and cardiac troponin® cardiomyocytes. Cardiomyocyte
cell borders were identified with wheat germ agglutinin, and all nuclei not contained within
the borders are classified as non-cardiomyocytes. Data are presented as mean + SEM.
Significance was determined between treatments by an unpaired t test within infarct,
borderzone (border) and remote myocardium. Significance is denoted by * p < 0.05 or ** p
< 0.01. Image analysis was completed in QuPath. Statistical analysis was done in Prism.
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Figure S22. There is no change in M2 macrophage density or localization at day 2 post-rHCI
injection, while rHCIII hydrogel injection reduces the percentage of M2 macrophages in the
heart. A) Flow cytometry was used to detect CD206" M2 macrophages in the heart two days
after intramyocardial injection of rHCI (n = 5), rHCIII (n = 5) or PBS (n = 7). Treatments
were injected at 7 days post-myocardial infarction in mice. The histograms display the
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percentage of the macrophage population that is CD206". The macrophage population was
previously gated as CD45°CD11b'Ly6GF480". The CD206™ gate was set using a CD206
fluorescence minus one (FMO) control. B) Total macrophage density as well as E) CD206"
and F) CD206™ macrophage density was unchanged between treatment groups. C) rHCIII
treated animals showed a significant reduction in the percentage of CD206" macrophages
and D) an increase in the percentage of CD206™ macrophages as compared to the other
treatment groups. Significance was determined by a one-way ANOVA followed by Tukey’s
multiple comparisons between treatment groups. G) Heart sections of mice sacrificed at 2
days post-injection and stained for CD206" positive cells. Scale bar indicates 100 pm. H) In
each region of the heart there is no difference in macrophage density between rHCI (n = 4)
and PBS (n = 5) treated mice day 2 post-injection. Significant differences between treatment
groups were determined by unpaired t tests for each region. Data are presented as mean +
SEM. Significance is noted as * p < 0.05, ** p < 0.01 or *** p <(0.001. Data analysis was
done in FlowJo and Prism.
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Figure S23. Two days after intramyocardial injection, rHCI hydrogel remains at the
epicardial surface of the infarct and borderzone myocardium. Seven days after myocardial
infarction mice received an intramyocardial injection of rHCI hydrogel tagged with
AlexaFluor 594 dye (red). Two days after injection, hearts were harvested for histology.
Heart sections were collected from apex to base, each section was separated by 480 pm with
the first section starting 250 um from the apex. Heart sections were stained with DAPI (blue)
to detect the nuclei. Scale bars are 500 pum.
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Figure S24. Cells are found within the rHCI hydrogel at the epicardial surface one day after
intramyocardial injection in a mouse model of myocardial infarction. Seven days after
myocardial infarction, mice received intramyocardial injection of rHCI hydrogel. The rHCI
hydrogel was tagged with AlexaFluor 594 prior to injection. One day after treatment injection
hearts were harvested for histology. Heart sections were stained with antibodies (green) to
detect (A-B) cardiac troponin I (cTnl) cardiomyocytes, (C) Wilms’ tumor protein (WT1)"
epicardium, (D) CD31" capillaries, (E) alpha smooth muscle actin (aSMA)" myofibroblasts
and arterioles, (F) CD206" M2 macrophages, and (G) Ki67" proliferating cells. The rHCI
hydrogel appears as red and DAPI (blue) was used as a nuclear stain. Scale bars are 500 um
(A) and 50 um (B-G).
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Figure S25. Methylglyoxal modification of rHCI hydrogel two days after injection into the
borderzone myocardium of mice with myocardial infarction. Seven days after myocardial
infarction, mice received intramyocardial injection of rHCI hydrogel (n = 5) that was tagged
with AlexFluor 594 dye (red). Two days after injection, hearts were harvested for histology.
Heart sections were stained with an antibody that detects methylglyoxal adducts (MG-H]1,
green) and DAPI. Example images from each mouse are presented for full slide scans (right,
scale bar 500 um) and hydrogel regions (left, scale bar 100 um).
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Figure S26. There is no change in capillary density two days after rHCI hydrogel treatment
in a mouse model of myocardial infarction. Seven days after myocardial infarction, mice
received intramyocardial injection of PBS (n = 8) or rHCI (n = 9). Hearts were harvested 2
days after treatment for histology. A) The percentage of the tissue are that is CD31" in the
borderzone (border), infarct and remote myocardium was quantified for PBS and rHCI
treatment groups. B) The CD31" cell density in the border, infarct and remote myocardium
was also quantified for PBS and rHCI treatment groups. Data are presented as mean = SEM.
Significance was determined by an unpaired t test between groups in each region. QuPath
was used for image analysis. Statistical analysis was done in Prism. Image analysis was run

in QuPath software.
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4.27E-120
7.19E-120
1.06E-119
1.26E-119
5.31E-119
6.06E-118
1.21E-117
1.66E-117
8.64E-114
8.79E-113
1.98E-111
2.28E-111
4.64E-110
1.27E-109
7.85E-109

FDR

2.78E-198
5.71E-190
5.70E-174
3.47E-167
2.36E-165
5.76E-164
1.15E-162
1.33E-159
7.99E-156
8.58E-148
1.06E-144
2.25E-144
1.80E-138
4.88E-135
5.86E-133
7.12E-132
2.50E-131
8.07E-130
7.62E-127
2.47E-126
3.23E-126
3.02E-124
3.61E-124
4.97E-123
9.87E-122
1.01E-120
4.13E-117
6.71E-117
9.54E-117
1.10E-116
4.48E-116
4.96E-115
9.61E-115
1.28E-114
6.46E-111
6.39E-110
1.40E-108
1.57E-108
3.11E-107
8.31E-107
5.01E-106



ENSMUSG00000040907
ENSMUSG00000038147
ENSMUSG00000063727
ENSMUSG00000008496
ENSMUSG00000039062
ENSMUSG00000040254
ENSMUSG00000062609
ENSMUSG00000020053
ENSMUSG00000024529

Atpla3
Cdg4
Tnfrsf11b
Pou2f2
Anpep
Sema3d
Kenjl5
Igfl

Lox

232975
12523
18383
18987
16790
108151
16516
16000
16948

3.88
2.85
5.25
3.59
1.83
2.15
5.30
2.29
5.73

2.10
3.72
1.90
2.77
5.26
4.42
5.04
5.68
7.86

486.59
483.56
478.58
475.31
475.31
472.51
470.96
466.71
453.55

7.87E-108
3.60E-107
4.35E-106
2.24E-105
2.24E-105
9.09E-105
1.98E-104
1.67E-103
1.22E-100

4.90E-105
2.19E-104
2.59E-103
1.28E-102
1.28E-102
5.06E-102
1.08E-101
8.90E-101
6.38E-98

Table S2. Top 50 genes that are differentially expressed in the left ventricle of PBS injected
mice with myocardial infarction compared to sham mice. The 50 genes with the lowest p
values out of 12593 total differentially expressed genes are included in this table. RNA was
isolated from left ventricles two days after intramyocardial treatment injection in mice that
had an infarct induced seven days prior. PBS (n =5) and sham (n = 5) RNA samples were
analyzed by next generation RNA sequencing at 50 million read depth for protein coding
genes. Quality control, read trimming, alignment, and edgeR differential expression analysis
of reads was completed by C3G bioinformatics group. FC: fold change relative to sham,
CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false

discovery rate.

Ensembl ID

ENSMUSG00000040026
ENSMUSG00000054196
ENSMUSG00000029304
ENSMUSG00000027750
ENSMUSG00000000290
ENSMUSG00000026043
ENSMUSG00000030074
ENSMUSG00000001506
ENSMUSG00000027996
ENSMUSG00000029661
ENSMUSG00000049723
ENSMUSG00000028364
ENSMUSG00000049103
ENSMUSG00000040552
ENSMUSG00000001131
ENSMUSG00000026193
ENSMUSG00000073418
ENSMUSG00000051048
ENSMUSG00000028111

Symbol
Saa3
Cthrel
Sppl
Postn
Itgb2
Col3al
Gxylt2
Collal
Sfrp2
Colla2
Mmp12
Tne
Cer2
C3arl
Timpl
Fnl
C4b
P4ha3
Ctsk

Gene ID
20210
68588
20750
50706
16414
12825
232313
12842
20319
12843
17381
21923
12772
12267
21857
14268
12268
320452
13038

log FC
8.78
9.04
7.87
5.31
2.72
4.03
4.09
4.48
5.55
421
7.17
5.35
3.60
3.09
4.84
4.49
2.66
7.08
291

181

log CPM
3.47
5.78
6.28
9.91
4.90
12.15
6.17
11.51
7.61
11.38
4.55
6.04
3.60
4.74
4.84
10.16
5.71
3.61
4.78

LR

904.99
826.30
799.72
716.13
703.52
681.08
665.43
664.45
662.09
616.39
603.10
597.54
597.16
576.41
559.93
557.12
547.84
536.44
516.48

P Value
8.1E-199
1.0E-181
6.2E-176
9.3E-158
5.1E-155
3.9E-150
9.9E-147
1.6E-146
5.2E-146
4.6E-136
3.5E-133
5.7E-132
7.0E-132
2.3E-127
8.7E-124
3.6E-123
3.7E-121
1.1E-118
2.5E-114

FDR

2.1E-194
1.4E-177
5.4E-172
6.1E-154
2.7E-151
1.7E-146
3.7E-143
5.3E-143
1.5E-142
1.2E-132
8.4E-130
1.3E-128
1.4E-128
4.2E-124
1.5E-120
5.8E-120
5.7E-118
1.6E-115
34E-111



ENSMUSG00000029838 Ptn 19242 3.83 6.06 510.01 6.3E-113 8.2E-110

ENSMUSG00000028197 Col24al 71355 6.01 2.43 499.19 1.4E-110 1.8E-107
ENSMUSG00000023992 Trem?2 83433 3.98 3.39 493.75 2.2E-109 2.6E-106
ENSMUSG00000027239 Mdk 17242 3.05 3.81 490.47 1.1E-108 1.3E-105
ENSMUSG00000020473 Aebpl 11568 2.87 6.73 487.68 4.6E-108 5.0E-105
ENSMUSG00000069516 Lyz2 17105 2.22 8.19 483.92 3.0E-107 3.1E-104
ENSMUSG00000050335 Lgals3 16854 4.60 5.01 483.41 3.9E-107 3.9E-104
ENSMUSG00000022371 Coll4al 12818 3.07 7.82 482.08 7.5E-107 7.3E-104
ENSMUSG00000047414 Flrt2 399558 2.13 4.53 477.18 8.8E-106 8.2E-103
ENSMUSG00000015340 Cybb 13058 2.34 5.49 475.88 1.7E-105 1.5E-102
ENSMUSG00000026786 Apbblip 54519 2.15 3.76 468.32 7.4E-104 6.5E-101
ENSMUSG00000054555 Adam12 11489 4.35 4.04 467.13 1.3E-103 1.1E-100
ENSMUSG00000017969 Ptgis 19223 2.43 5.86 464.35 5.4E-103 4.4E-100
ENSMUSG00000035279 Ssc5d 269855 2.54 543 459.70 5.6E-102 4.4E-99
ENSMUSG00000040907 Atpla3 232975 3.77 2.10 458.40 1.1E-101 8.2E-99
ENSMUSG00000042436 Mfap4 76293 4.30 7.83 455.67 4.2E-101 3.1E-98
ENSMUSG00000060572 Mfap2 17150 3.03 3.91 452.18 2.4E-100 1.8E-97
ENSMUSG00000027995 TIr2 24088 2.45 3.61 440.56 8.2E-98 5.8E-95
ENSMUSG00000040690 Coll6al 107581 3.69 6.90 439.64 1.3E-97 8.9E-95
ENSMUSG00000008496 Pou2f2 18987 3.44 2.77 437.99 3.0E-97 2.0E-94
ENSMUSG00000079227 Cer5 12774 4.00 4.03 425.49 1.6E-94 1.0E-91
ENSMUSG00000027188 Pamrl 210622 3.68 4.51 425.47 1.6E-94 1.0E-91
ENSMUSG00000039062 Anpep 16790 1.72 5.26 420.30 2.1E-93 1.3E-90
ENSMUSG00000024529 Lox 16948 541 7.86 416.12 1.7E-92 1.0E-89
ENSMUSG00000036446 Lum 17022 2.11 8.00 415.45 2.4E-92 1.4E-89
ENSMUSG00000062609 Kenjl5 16516 4.88 5.04 413.63 5.9E-92 3.5E-89
ENSMUSG00000038147 Cdg4 12523 2.62 3.72 412.66 9.7E-92 5.5E-89
ENSMUSG00000045312 Lhfpl2 218454 2.93 5.16 411.54 1.7E-91 9.4E-89
ENSMUSG00000015947 Fcgrl 14129 2.64 2.82 406.19 2.5E-90 1.3E-87
ENSMUSG00000018008 Cyth4 72318 241 4.39 405.56 3.4E-90 1.8E-87
ENSMUSG00000030162 Olrl 108078 6.49 0.98 404.27 6.5E-90 3.4E-87

Table S3. Top 50 genes that are differentially expressed in the left ventricle of rHCI injected
mice with myocardial infarction compared to sham mice. The 50 genes with the lowest p
values out of 11427 total differentially expressed genes are included in this table. RNA was
isolated from left ventricles two days after intramyocardial treatment injection in mice that
had an infarct induced seven days prior. rHCI (n =5) and sham (n = 5) RNA samples were
analyzed by next generation RNA sequencing at 50 million read depth for protein coding
genes. Quality control, read trimming, alignment, and edgeR differential expression analysis
of reads was completed by C3G bioinformatics group. FC: fold change relative to sham,
CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false
discovery rate.
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Term Ont N Up Down P.Up P.Down

mitochondrion CcC 1716 329 1011 1 1.1E-190
mitochondrial part CC 807 126 551 1 2.3E-139
mitochondrial protein complex CC 258 6 241 1 4.7E-116
intracellular CcC 12394 4236 3942 0.30 1.9E-109
intracellular part CcC 12394 4236 3942 0.30 1.9E-109
intracellular membrane-bounded organelle CC 9453 3071 3198 1 6.1E-107
cytoplasm CcC 10024 3545 3307 1.9E-05 2.3E-94
intracellular organelle CC 10931 3687 3536 0.87 1.9E-93
membrane-bounded organelle CcC 10079 3354 3316 0.99 9.3E-93
mitochondrial inner membrane CC 417 52 309 1 9.7E-92
organelle CcC 11195 3786 3592 0.80 3.2E-90
cytoplasmic part CC 7759 2709 2682 0.02 9.1E-89
mitochondrial envelope CC 628 111 403 1 4.8E-88
mitochondrial membrane CC 585 103 383 1 1.9E-87
response to stimulus BP 7030 3013 1732 6.4E-87 1
immune system process BP 2128 1138 408 1.3E-85 1
organelle inner membrane CC 457 71 317 1 6.4E-82
cell periphery CC 4361 2011 947 1.9E-80 1

plasma membrane CC 4228 1950 910 2.2E-77 1
mitochondrial matrix CC 254 19 209 1 7.1E-77
extracellular region CC 1858 990 278 2.5E-72 1
extracellular region part CC 1468 815 214 2.8E-69 1
envelope CC 1010 242 527 1 5.6E-69
organelle envelope CC 1010 242 527 1 5.6E-69
organelle part CC 7046 2266 2411 1 7.5E-69
signal transduction BP 4372 1974 1055 8.8E-69 1
signaling BP 4807 2135 1157 2.8E-68 1
intracellular organelle part CC 6721 2142 2317 1 3.4E-68
cell communication BP 4868 2152 1173 8.5E-67 1
mitochondrial membrane part CC 212 18 176 1 5.2E-66

Table S4. Gene ontology enrichment results for genes differentially expressed between PBS
injected mice with myocardial infarcts and sham mice. Mice were injected with PBS (n =5)
seven days post-myocardial infarction. RNA was isolated from left ventricles two days after
intramyocardial treatment from PBS mice and sham healthy control animals (n = 5). Next
generation sequencing of mRNA transcripts at 50 million read depth was performed.
Following read trimming and alignment, edgeR pipeline was used for differential expression
analysis. Gene ontology (Ont) terms include: CC cellular compartment and BP biological
process. N indicates number of genes in the pathway, UP is the number of differentially
expressed genes that are upregulated relative to sham, and down is the number of genes in
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the pathway that are downregulated relative to sham. P values for gene ontology term
upregulation (P.Up) and downregulation (P.Down) are also shown. Significance is p < 0.05.
Analysis was performed by C3G bioinformatics group.

Term Ont N Up Dow P.Up P.Down
mitochondrion CcC 1716 298 I918 1 1 7.5E-206
mitochondrial part CC 807 115 541 1 2.7E-151
mitochondrial protein complex CcC 258 6 240 1 2.2E-124
intracellular CcC 12394 3943 3612 0.17 7.6E-107
intracellular part CcC 12394 3943 3612 0.17 7.6E-107
intracellular membrane-bounded organelle CC 9453 2831 2942 1 2.6E-105
cytoplasm CcC 10024 3311 3063  2.0E-06 9.3E-101
mitochondrial inner membrane CC 417 47 306 1 1.7E-100
cytoplasmic part CC 7759 2506 2504  0.04 1.0E-97
mitochondrial envelope CC 628 100 396 1 7.6E-97
mitochondrial membrane CcC 585 94 377 1 2.7E-96
membrane-bounded organelle CcC 10079 3105 3046 1 3.3E-91
intracellular organelle CcC 10931 3413 3242 0.90 7.4E-91
immune system process BP 2128 1093 362 8.0E-91 1
organelle inner membrane CcC 457 64 313 1 5.2E-90
response to stimulus BP 7030 2832 1592 7.2E-88 1
organelle CcC 11195 3502 3291 0.87 2.4E-87
cell periphery CcC 4361 1912 858 1.4E-85 1

plasma membrane CC 4228 1856 826 6.4E-83 1
mitochondrial matrix CC 254 18 206 1 1.4E-81
envelope CcC 1010 217 514 1 7.7E-78
organelle envelope CC 1010 217 514 1 7.7TE-78
extracellular region CcC 1858 952 246 3.2E-77 1
extracellular region part CC 1468 791 193 3.6E-76 1
mitochondrial membrane part CcC 212 17 175 1 1.0E-71
immune response BP 1193 664 168 8.7E-71 1
signaling BP 4807 2016 1066  2.3E-70 1

signal transduction BP 4372 1862 973 8.6E-70 1
extracellular space CcC 1248 684 152 2.6E-69 1
biological regulation BP 9758 3630 2369  8.3E-69 0.74

Table SS5. Gene ontology enrichment results for genes differentially expressed between rHCI
injected mice with myocardial infarcts and sham mice. Mice were injected with rHCI (n=5)
seven days post-myocardial infarction. RNA was isolated from left ventricles two days after
intramyocardial treatment from rHCI mice and sham healthy control animals (n = 5). Next
generation sequencing of mRNA transcripts at 50 million read depth was performed.
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Following read trimming and alignment, edgeR pipeline was used for differential expression
analysis. Gene ontology (Ont) terms include: CC cellular compartment and BP biological
process. N indicates number of genes in the pathway, UP is the number of differentially
expressed genes that are upregulated relative to sham, and down is the number of genes in
the pathway that are downregulated relative to sham. P values for gene ontology term
upregulation (P.Up) and downregulation (P.Down) are also shown. Significance is p < 0.05.
Analysis was performed by C3G bioinformatics group.

Pathway N Up Down P.Up P.Down
Oxidative phosphorylation 127 8 103 1 2.8E-37
Thermogenesis 224 36 151 1 5.1E-37
Parkinson disease 138 14 108 1 2.4E-36
Metabolic pathways 1406 423 560 1 3.8E-28
Alzheimer disease 167 42 106 1 3.5E-23
Cytokine-cytokine receptor interaction 239 156 17 4.1E-23 1
Non-alcoholic fatty liver disease (NAFLD) 144 32 93 1 2.7E-21
Huntington disease 184 38 110 1 5.4E-21
Cell adhesion molecules (CAMs) 144 101 10 8.4E-19 1
Carbon metabolism 112 18 70 1 2.8E-15
Pathways in cancer 510 258 125 5.0E-15 0.90
PI3K-Akt signaling pathway 323 176 76 2.5E-14 0.93
Pertussis 72 56 8 3.4E-14 1
Human papillomavirus infection 324 176 62 3.7E-14 1
ECM-receptor interaction 87 64 10 5.4E-14 1

Focal adhesion 198 118 38 1.4E-13 1
Phagosome 158 99 17 1.7E-13 1
Epstein-Barr virus infection 197 116 44 7.1E-13 1
Proteasome 45 4 35 1 1.6E-12
Hematopoietic cell lineage 89 62 4 7.1E-12 1
Lysosome 119 77 19 7.7E-12 1
NF-kappa B signaling pathway 97 66 16 8.1E-12 1

Viral protein interaction with cytokine and cytokine receptor 84 59 4 1.3E-11 1
Staphylococcus aureus infection 62 47 1 2.0E-11 1
Chemokine signaling pathway 178 104 31 2.1E-11 1
Human cytomegalovirus infection 221 123 44 3.0E-11 1
Valine, leucine and isoleucine degradation 54 6 38 1 3.3E-11
NOD-like receptor signaling pathway 153 92 38 3.3E-11 0.75
Cardiac muscle contraction 83 16 51 1 4.1E-11
Osteoclast differentiation 124 78 21 4.6E-11 1
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Table .S6. KEGG pathway enrichment results for genes differentially expressed between
PBS injected mice with myocardial infarcts and sham mice. Mice were injected with PBS (n
= 5) seven days post-myocardial infarction. RNA was isolated from left ventricles two days
after intramyocardial treatment from PBS mice and sham healthy control animals (n = 5).
Next generation sequencing of mRNA transcripts at 50 million read depth was performed.
Following read trimming and alignment, edgeR pipeline was used for differential expression
analysis. KEGG analysis determines enrichment of differentially expressed genes involved
in known molecular pathways. N indicates number of genes in the pathway, UP is the number
of differentially expressed genes that are upregulated relative to sham, and down is the
number of genes in the pathway that are downregulated relative to sham. P values for gene
ontology term upregulation (P.Up) and downregulation (P.Down) are also shown.
Significance is p < 0.05.

Pathway N Up Down P.Up P.Down
Oxidative phosphorylation 127 7 103 1 3.1E-41
Thermogenesis 224 32 147 1 4.1E-39
Parkinson disease 138 14 106 1 2.3E-38
Metabolic pathways 1406 408 527 1 7.7E-30
Alzheimer disease 167 40 102 1 7.0E-24
Huntington disease 184 36 109 1 7.1E-24
Non-alcoholic fatty liver disease (NAFLD) 144 29 92 1 1.1E-23
Cytokine-cytokine receptor interaction 239 149 15 8.1E-23 1

Cell adhesion molecules (CAMs) 144 97 10 1.0E-18 1
Pathways in cancer 510 251 108 3.5E-17 1
ECM-receptor interaction 87 64 8 9.7E-16 1
Carbon metabolism 112 18 66 1 7.4E-15
Phagosome 158 96 12 3.5E-14 1
Pertussis 72 54 6 4.4E-14 1
PI3K-Akt signaling pathway 323 166 68 7.5E-14 0.94
Human papillomavirus infection 324 166 52 1.1E-13 1
Staphylococcus aureus infection 62 48 1 1.4E-13 1

Focal adhesion 198 112 31 2.7E-13 1

Viral protein interaction with cytokine and cytokine receptor 84 59 2 3.7E-13 1
Tuberculosis 160 94 30 1.1E-12 1
Leishmaniasis 68 50 10 1.4E-12 1
Osteoclast differentiation 124 77 22 2.4E-12 1
NF-kappa B signaling pathway 97 64 15 3.3E-12 1
Proteasome 45 4 33 1 6.9E-12
Chemokine signaling pathway 178 100 26 8.8E-12 1
NOD-like receptor signaling pathway 153 89 35 9.2E-12 0.71
Valine, leucine and isoleucine degradation 54 5 37 1 1.0E-11
Epstein-Barr virus infection 197 108 39 1.1E-11 1
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Hematopoietic cell lineage 89 59 4 1.7E-11 1
Cardiac muscle contraction 83 15 49 1 2.0E-11

Table S7. KEGG pathway enrichment results for genes differentially expressed between
rHCI injected mice with myocardial infarcts and sham mice. Mice were injected with rHCI
(n = 5) seven days post-myocardial infarction. RNA was isolated from left ventricles two
days after intramyocardial treatment from rHCI mice and sham healthy control animals (n =
5).Next generation sequencing of mRNA transcripts at 50 million read depth was performed.
Following read trimming and alignment, edgeR pipeline was used for differential expression
analysis. KEGG analysis determines enrichment of differentially expressed genes involved
in known molecular pathways. N indicates number of genes in the pathway, UP is the number
of differentially expressed genes that are upregulated relative to sham, and down is the
number of genes in the pathway that are downregulated relative to sham. P values for gene
ontology term upregulation (P.Up) and downregulation (P.Down) are also shown.
Significance is p < 0.05.

Ensembl ID Symbol GeneID Log Log LR P Value FDR
FC CPM
ENSMUSG00000072844 G530011006Rik 654820 -2.12 0.29 21.49 3.57E-06 0.021
ENSMUSG00000096768 Erdrl 170942 -1.59 2.14 20.27 6.71E-06 0.029
ENSMUSG00000076577 Igkv8-30 NA 2.32 -1.89 2639  2.79E-07 0.004
ENSMUSG00000020524 Grial 14799 -1.17 0.57 28.13 1.14E-07 0.003
ENSMUSG00000072849 Serpinale 20704 2.25 -3.42 2445 7.63E-07 0.007
ENSMUSG00000084806 Gm15232 627268 -2.98 -3.40 21.29 3.94E-06 0.021
ENSMUSG00000031779 Ccl22 20299 0.88 -0.59 19.62  9.43E-06 0.035

Table S8. Genes that are differentially expressed between rHCI and PBS treatment groups.
RNA was isolated from left ventricles two days after intramyocardial treatment injection in
mice that had an infarct induced seven days prior. PBS (n =5) and rHCI (n = 5) RNA samples
were analyzed by next generation RNA sequencing at 50 million read depth for protein
coding genes. Quality control, read trimming, alignment, and edgeR differential expression
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to
PBS, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false
discovery rate.
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Appendix B: Supplemental tables from differential expression analysis of RNAseq data

Ensembl ID Symbol GeneID Log Log LR P Value FDR
FC CPM

ENSMUSG00000049538 Adamts16 271127 11.42 1.55 371.06 1.1E-82 2.5E-80
ENSMUSG00000022097 Sttpe 20389 10.84 1.77 12.38 4.3E-04 1.3E-03
ENSMUSG00000004885 Crabp2 12904 10.46 0.98 187.99 8.7E-43 4.1E-41
ENSMUSG00000056370 Sttpb 20388 10.24 0.09 19.86 8.3E-06 3.1E-05
ENSMUSG00000058914 Clqtnf3 81799 10.04 4.67 336.05 4.6E-75 8.2E-73
ENSMUSG00000029188 Slc34a2 20531 9.80 -0.29 14.33 1.5E-04 4.8E-04
ENSMUSG00000054196 Cthrcl 68588 9.45 5.78 883.22 4.4E-194  5.7E-190
ENSMUSG00000062345 Serpinb2 18788 9.21 1.34 207.11 5.9E-47 3.3E-45
ENSMUSG00000029379 Cxcl3 330122 9.14 -0.04  93.86 3.4E-22 5.6E-21
ENSMUSG00000050711 Scg2 20254 9.13 -0.57 131.14 2.3E-30 5.9E-29
ENSMUSG00000052353 Cemip 80982 8.87 3.18 306.89 1.0E-68 1.4E-66
ENSMUSG00000040026 Saa3 20210 8.86 3.47 922.84 1.1E-202  2.8E-198
ENSMUSG00000039462 Coll0al 12813 8.74 -0.87  41.27 1.3E-10 8.6E-10
ENSMUSG00000021789 Sftpal 20387 8.71 -0.18 11.47 7.1E-04 2.0E-03
ENSMUSG00000029375 Cxcll5 20309 8.64 -1.29 13.19 2.8E-04 8.4E-04
ENSMUSG00000050359 Sprrla 20753 8.35 3.10 270.94 7.1E-61 6.9E-59
ENSMUSG00000029304 Sppl 20750 7.93 6.28 808.82 6.5E-178  5.7E-174
ENSMUSG00000021795 Sttpd 20390 7.90 -1.89 10.69 1.1E-03 2.9E-03
ENSMUSG00000032473 Cldnl18 56492 7.85 -1.93 12.63 3.8E-04 1.1E-03
ENSMUSG00000054764 Mtnrla 17773 7.81 -1.85 9273 6.0E-22 9.8E-21
ENSMUSG00000076548 Igkv4-69 NA 7.60 -3.17  8.96 2.8E-03 7.0E-03
ENSMUSG00000051048 P4ha3 320452 7.58 3.61 602.20 5.6E-133 8.1E-130
ENSMUSG00000092627 D130058E05Rik NA 7.58 -1.82 117.70 2.0E-27 4.4E-26
ENSMUSG00000027966 Colllal 12814 7.47 5.46 381.11 7.1E-85 1.9E-82
ENSMUSG00000026725 Tnn 329278 7.45 2.76 257.70 5.4E-58 4.7E-56

Table S9. Top 25 genes that are upregulated in left ventricles of PBS injected mice with
myocardial infarction compared to sham mice. The 25 genes with the largest log fold change
out of 12593 total differentially expressed genes are included in this table. RNA was isolated
from left ventricles two days after intramyocardial treatment injection in mice that had an
infarct induced seven days prior. PBS (n =5), sham (n = 5) and sham (n = 5) RNA samples
were analyzed by next generation RNA sequencing at 50 million read depth for protein
coding genes. Quality control, read trimming, alignment, and edgeR differential expression
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to
sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false
discovery rate.
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Ensembl ID

ENSMUSG00000093906
ENSMUSG00000105431
ENSMUSG00000031471
ENSMUSG00000057223
ENSMUSG00000044664
ENSMUSG00000079507
ENSMUSG00000077360
ENSMUSG00000084869
ENSMUSG00000081889
ENSMUSG00000033770
ENSMUSG00000031682
ENSMUSG00000083076
ENSMUSG00000073375
ENSMUSG00000025216
ENSMUSG00000090843
ENSMUSG00000073424
ENSMUSG00000097639
ENSMUSG00000070837
ENSMUSG00000048978
ENSMUSG00000061742
ENSMUSG00000107435
ENSMUSG00000096463
ENSMUSG00000036216
ENSMUSG00000098741
ENSMUSG00000106822

Symbol

Igkv9-129
Gm42640
Defb8
Gm6578
Prss42
H2-Q1
Gm23482
Gm13063
Gm13188
Clenka
1700011L22Rik
Gm11408
Lrrc30
Lbx1
Heatr4
Cyp4fl5
Platr4
Aurke
Nrsnl
Slc22al2
RP24-398M13.2
Gm21750
Leap2
Obox4-ps2
Gm43533

Gene ID

NA
NA
244334
625347
235628
15006
NA
NA
NA
12733
67687
NA
240131
16814
101055670
106648
78706
20871
22360
20521
NA
NA
259301
NA
NA

Log
FC
-4.88

-4.06
-3.99
-3.98
-3.95
-3.94
-3.90
-3.90
-3.89
-3.84
-3.80
-3.78
-3.71
-3.64
-3.61
-3.59
-3.57
-3.53
-3.50
-3.46
-3.46
-3.45
-3.45
-3.43
-3.43

Log
CPM
-4.29

-4.39
-4.56
442
-4.60
453
-4.60
453
-4.64
-4.49
-4.64
-4.46
-1.94
-3.80
-4.56
422
-4.67
-4.10
-4.64
-3.74
-4.64
-4.60
-4.72
-4.68
-4.68

LR

5.41
11.52
8.51
11.36
13.16
12.56
7.82
11.40
8.11
7.54
11.00
10.88
54.96
22.15
10.09
12.00
7.09
16.43
6.05
16.44
8.42
8.26
7.33
8.13
7.42

P Value

2.0E-02
6.9E-04
3.5E-03
7.5E-04
2.9E-04
3.9E-04
5.2E-03
7.3E-04
4.4E-03
6.0E-03
9.1E-04
9.7E-04
1.2E-13
2.5E-06
1.5E-03
5.3E-04
7.7E-03
5.1E-05
1.4E-02
5.0E-05
3.7E-03
4.1E-03
6.8E-03
4.4E-03
6.4E-03

FDR

4.3E-02
1.9E-03
8.8E-03
2.1E-03
8.6E-04
1.2E-03
1.2E-02
2.1E-03
1.1E-02
1.4E-02
2.5E-03
2.7E-03
1.1E-12
1.0E-05
4.0E-03
1.5E-03
1.8E-02
1.7E-04
3.1E-02
1.7E-04
9.2E-03
1.0E-02
1.6E-02
1.1E-02
1.5E-02

Table S10. Top 25 genes that are downregulated in left ventricles of PBS injected mice with
myocardial infarction compared to sham mice. The 25 genes with the largest negative log
fold change out of 12593 total differentially expressed genes are included in this table. RNA
was isolated from left ventricles two days after intramyocardial treatment injection in mice
that had an infarct induced seven days prior. PBS (n=5), sham (n =5) and sham (n =5) RNA
samples were analyzed by next generation RNA sequencing at 50 million read depth for
protein coding genes. Quality control, read trimming, alignment, and edgeR differential
expression analysis of reads was completed by C3G bioinformatics group. FC: fold change
relative to sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and
FDR: false discovery rate.
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Ensembl ID

ENSMUSG00000064351
ENSMUSG00000064370
ENSMUSG00000040752
ENSMUSG00000064367
ENSMUSG00000029467
ENSMUSG00000064341
ENSMUSG00000064345
ENSMUSG00000064363
ENSMUSG00000018893
ENSMUSG00000032366
ENSMUSG00000026414
ENSMUSG00000064339
ENSMUSG00000015568
ENSMUSG00000038583
ENSMUSG00000013936
ENSMUSG00000025393
ENSMUSG00000002100
ENSMUSG00000026043
ENSMUSG00000059741
ENSMUSG00000031633
ENSMUSG00000025428
ENSMUSG00000035458
ENSMUSG00000001506
ENSMUSG00000029661
ENSMUSG00000024803

Symbol
mt-Col
mt-Cytb
Myh6
mt-Nd5
Atp2a2
mt-Nd1
mt-Nd2
mt-Nd4
Mb
Tpml
Tnnt2
mt-Rnr2
Lpl

Pln
Myl2
AtpSb
Mybpc3
Col3al
Myl3
Slc25a4
Atp5Sal
Tnni3
Collal
Colla2
Ankrdl

Gene ID
17708
17711
17888
17721
11938
17716
17717
17719
17189
22003
21956
NA
16956
18821
17906
11947
17868
12825
17897
11739
11946
21954
12842
12843
107765

Log FC
-0.78
-0.77
-1.01
-0.84
-0.95
-0.82
-0.84
-0.82
-0.64
-0.52
-0.70
-1.25
-0.85
-0.95
-0.83
-0.74
-0.32
4.25
-0.66
-0.76
-0.72
-0.92
4.73
4.51
1.24

Log CPM
15.55
14.44
14.33
14.26
13.91
13.85
13.55
13.34
13.10
12.80
12.58
12.56
12.49
12.43
12.33
12.27
12.18
12.15
12.12
12.01
11.93
11.52
11.51
11.38
11.27

LR
49.19
47.56
51.83
4470
54.87
39.90
47.05
49.77
36.77
32.84
44.01
61.58
66.25
55.59
46.62
61.92
19.23
740.77
39.35
49.98
53.28
47.54
723.16
686.02
28.62

P Value
2.3E-12
5.3E-12
6.0E-13
2.3E-11
1.3E-13
2.7E-10
6.9E-12
1.7E-12
1.3E-09
1.0E-08
3.3E-11
4.2E-15
4.0E-16
8.9E-14
8.6E-12
3.6E-15
1.2E-05
4.1E-163
3.5E-10
1.6E-12
2.9E-13
5.4E-12
2.8E-159
3.3E-151
8.8E-08

FDR
1.8E-11
4.0E-11
5.0E-12
1.6E-10
1.1E-12
1.7E-09
5.1E-11
1.4E-11
7.7E-09
5.3E-08
2.3E-10
4.3E-14
4.4E-15
8.0E-13
6.3E-11
3.7E-14
4.2E-05
1.3E-159
2.2E-09
1.2E-11
2.5E-12
4.0E-11
8.0E-156
8.6E-148
4.2E-07

Table S11. The 25 most highly expressed genes that are differentially expressed in left
ventricles of PBS injected mice with myocardial infarction compared to sham mice. The 25
genes with the largest log cpm out of 12593 total differentially expressed genes are included
in this table. RNA was isolated from left ventricles two days after intramyocardial treatment
injection in mice that had an infarct induced seven days prior. PBS (n =5), sham (n = 5) and
sham (n = 5) RNA samples were analyzed by next generation RNA sequencing at 50 million
read depth for protein coding genes. Quality control, read trimming, alignment, and edgeR
differential expression analysis of reads was completed by C3G bioinformatics group. FC:
fold change relative to sham, CPM: gene read counts per million, LR: fold change likelihood
ratio, and FDR: false discovery rate.
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Ensembl ID

ENSMUSG00000049538
ENSMUSG00000004885
ENSMUSG00000062345
ENSMUSG00000029379
ENSMUSG00000058914
ENSMUSG00000054196
ENSMUSG00000040026
ENSMUSG00000050711
ENSMUSG00000076615
ENSMUSG00000039462
ENSMUSG00000052353
ENSMUSG00000050359
ENSMUSG00000019987
ENSMUSG00000029304
ENSMUSG00000092627
ENSMUSG00000094006
ENSMUSG00000024041
ENSMUSG00000054764
ENSMUSG00000096515
ENSMUSG00000049723
ENSMUSG00000028591
ENSMUSG00000051048
ENSMUSG00000033740
ENSMUSG00000101581
ENSMUSG00000059742
ENSMUSG00000026390
ENSMUSG00000045731

Table S12. Top 25 genes that are upregulated in left ventricles of rHCI injected mice with
myocardial infarction compared to sham mice. The 25 genes with the largest log fold change
out of 11427 total differentially expressed genes are included in this table. RNA was isolated
from left ventricles two days after intramyocardial treatment injection in mice that had an
infarct induced seven days prior. rHCI (n =5), sham (n = 5) and sham (n = 5) RNA samples
were analyzed by next generation RNA sequencing at 50 million read depth for protein
coding genes. Quality control, read trimming, alignment, and edgeR differential expression
analysis of reads was completed by C3G bioinformatics group. FC: fold change relative to
sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and FDR: false

discovery rate.

Symbol

Adamts16
Crabp2
Serpinb2
Cxcl3
Clqtnf3
Cthrel

Saa3

Scg2
Ighg3
Coll0al
Cemip
Sprrla
Argl

Sppl
D130058E05Rik
Igkv4-59
Cryaa
Mtnrla
Igkv14-100
Mmp12
Pramef12
P4ha3

St18
C430002N11Rik
Kenh7
Marco

Pnoc

Gene
ID
271127

12904
18788
330122
81799
68588
20210
20254
NA
12813
80982
20753
11846
20750
NA
NA
12954
17773
NA
17381
77632
320452
240690
319707
170738
17167
18155

191

log
FC
10.66

10.56
9.81
9.76
9.38
9.04
8.78
8.63
8.34
8.31
8.29
8.26
7.98
7.87
7.64
7.51
7.28
7.18
7.17
7.17
7.09
7.08
7.07
6.97
6.92
6.90
6.86

log
CPM
1.55

0.98
1.34
-0.04
4.67
5.78
3.47
-0.57
-1.96
-0.87
3.18
3.10
3.07
6.28
-1.82
0.07
-2.30
-1.85
-3.04
4.55
-2.12
3.61
-2.18
-1.14
-2.98
2.59
-2.28

LR

309
192
236
108
304
826
905
113
32
38
275
266
376
800
120
23
103
71
12
603
90
536
73
147
16
174
50

P Value

4.2E-69
1.2E-43
2.3E-53
2.5E-25
4.2E-68
1.0E-181
8.1E-199
2.3E-26
1.5E-08
8.1E-10
8.4E-62
7.5E-60
1.2E-83
6.2E-176
6.1E-28
1.9E-06
3.8E-24
4.3E-17
4.7E-04
3.5E-133
2.1E-21
1.1E-118
1.6E-17
9.8E-34
8.1E-05
7.9E-40
1.5E-12

FDR

8.7E-67
8.3E-42
2.4E-51
6.5E-24
8.3E-66
1.4E-177
2.1E-194
6.4E-25
1.0E-07
6.6E-09
1.2E-59
1.1E-57
4.9E-81
5.4E-172
1.8E-26
9.2E-06
9.2E-23
6.7E-16
1.6E-03
8.4E-130
4.4E-20
1.6E-115
2.6E-16
4.0E-32
3.1E-04
4.5E-38
1.6E-11



Ensembl ID

ENSMUSG00000061742
ENSMUSG00000104745
ENSMUSG00000105622
ENSMUSG00000082706
ENSMUSG00000049246
ENSMUSG00000092097
ENSMUSG00000077569
ENSMUSG00000044664
ENSMUSG00000097862
ENSMUSG00000098588
ENSMUSG00000081889
ENSMUSG00000105762
ENSMUSG00000031682
ENSMUSG00000104664
ENSMUSG00000064637
ENSMUSG00000085377
ENSMUSG00000085838
ENSMUSG00000090079
ENSMUSG00000093400
ENSMUSG00000082108
ENSMUSG00000097811
ENSMUSG00000024211
ENSMUSG00000082023
ENSMUSG00000101951
ENSMUSG00000087632
ENSMUSG00000036216
ENSMUSG00000088208
ENSMUSG00000100763

Symbol

Slc22al2
Gm43073
Gm42615
Gm11663
Hspel-ps2
Gm5819
Gm24608
Prss42
Gm26859
Mir6340
Gm13188
Gm43605
1700011L22Rik
Gm35570
Snora20
4930551L18Rik
Chnlosl
Gm15849
Gm20647
Gm13777
2810425M01Rik
Grm8

Gm14407
Gm28721
Gm6058

Leap2

Gm23751
Gm28777

Gene ID

20521
NA
NA
NA
NA
NA
NA
235628
NA
102465173
NA
NA
67687
NA
NA
NA
NA
NA
NA
NA
NA
14823
NA
NA
NA
259301
NA
NA

log FC

-5.92
-5.05
-4.21
-4.20
-4.17
-4.12
-4.09
-3.95
-3.95
-3.92
-3.89
-3.82
-3.80
-3.80
-3.74
-3.69
-3.64
-3.62
-3.61
-3.61
-3.60
-3.58
-3.57
-3.55
-3.45
-3.45
-3.43
-3.43

log
CPM
-3.74

-4.16
221
-4.24
-4.43
-4.42
-4.49
-4.60
-4.56
-4.46
-4.64
-4.49
-4.64
-4.56
-4.56
-4.64
-4.49
453
-4.60
443
427
-4.08
-4.33
-4.46
-4.43
-4.72
-4.50
471

LR

26.52
25.67
37.64
12.56
12.25
9.77
12.47
11.37
11.55
10.24
7.29
9.63
9.57
9.32
7.29
7.26
6.81
7.72
8.57
8.93
7.42
15.34
7.44
5.40
7.41
6.47
7.52
7.38

P Value

2.6E-07
4.1E-07
8.5E-10
3.9E-04
4.7E-04
1.8E-03
4.1E-04
7.5E-04
6.8E-04
1.4E-03
6.9E-03
1.9E-03
2.0E-03
2.3E-03
7.0E-03
7.0E-03
9.1E-03
5.5E-03
3.4E-03
2.8E-03
6.5E-03
9.0E-05
6.4E-03
2.0E-02
6.5E-03
1.1E-02
6.1E-03
6.6E-03

FDR

1.5E-06
2.2E-06
6.9E-09
1.3E-03
1.5E-03
5.2E-03
1.4E-03
2.4E-03
2.2E-03
4.1E-03
1.8E-02
5.6E-03
5.8E-03
6.6E-03
1.8E-02
1.8E-02
2.3E-02
1.5E-02
9.5E-03
7.9E-03
1.7E-02
3.4E-04
1.7E-02
4.7E-02
1.7E-02
2.7E-02
1.6E-02
1.7E-02

Table S13. Top 25 genes that are downregulated in left ventricles of rHCI injected mice with
myocardial infarction compared to sham mice. The 25 genes with the largest negative log
fold change out of 11427 total differentially expressed genes are included in this table. RNA
was isolated from left ventricles two days after intramyocardial treatment injection in mice
that had an infarct induced seven days prior. rHCI (n =5), sham (n = 5) and sham (n = 5)
RNA samples were analyzed by next generation RNA sequencing at 50 million read depth
for protein coding genes. Quality control, read trimming, alignment, and edgeR differential
expression analysis of reads was completed by C3G bioinformatics group. FC: fold change
relative to sham, CPM: gene read counts per million, LR: fold change likelihood ratio, and
FDR: false discovery rate.
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Ensembl ID

ENSMUSG00000064351
ENSMUSG00000064370
ENSMUSG00000040752
ENSMUSG00000064367
ENSMUSG00000029467
ENSMUSG00000064341
ENSMUSG00000064345
ENSMUSG00000064363
ENSMUSG00000018893
ENSMUSG00000032366
ENSMUSG00000026414
ENSMUSG00000064339
ENSMUSG00000015568
ENSMUSG00000038583
ENSMUSG00000013936
ENSMUSG00000025393
ENSMUSG00000002100
ENSMUSG00000026043
ENSMUSG00000059741
ENSMUSG00000031633
ENSMUSG00000025428
ENSMUSG00000035458
ENSMUSG00000001506
ENSMUSG00000029661
ENSMUSG00000024803

Symbol

mt-Col
mt-Cytb
Myh6
mt-Nd5
Atp2a2
mt-Nd1
mt-Nd2
mt-Nd4
Mb
Tpml
Tnnt2
mt-Rnr2
Lpl

Pln
Myl2
AtpSb
Mybpc3
Col3al
Myl3
Slc25a4
Atp5Sal
Tnni3
Collal
Colla2
Ankrdl

Gene
ID
17708

17711
17888
17721
11938
17716
17717
17719
17189
22003
21956
NA
16956
18821
17906
11947
17868
12825
17897
11739
11946
21954
12842
12843
107765

log FC

-0.62
-0.61
-0.77
-0.66
-0.80
-0.64
-0.67
-0.65
-0.52
-0.41
-0.56
-0.99
-0.74
-0.76
-0.64
-0.62
-0.27
4.03

-0.54
-0.65
-0.58
-0.72
4.48

4.21

1.15

log CPM

15.55
14.44
14.33
14.26
1391
13.85
13.55
13.34
13.10
12.80
12.58
12.56
12.49
12.43
12.33
12.27
12.18
12.15
12.12
12.01
11.93
11.52
11.51
11.38
11.27

30.84
29.71
30.59
27.89
38.96
24.52
30.03
31.83
24.47
21.06
28.59
38.77
50.93
35.93
27.86
42.76
13.90
681.08
26.75
36.61
34.77
29.70
664.45
616.39
24.48

P Value

2.8E-08
5.0E-08
3.2E-08
1.3E-07
4.3E-10
7.3E-07
4.2E-08
1.7E-08
7.6E-07
4.5E-06
8.9E-08
4.8E-10
9.6E-13
2.0E-09
1.3E-07
6.2E-11
1.9E-04
3.9E-150
2.3E-07
1.4E-09
3.7E-09
5.0E-08
1.6E-146
4.6E-136
7.5E-07

FDR

1.8E-07
3.2E-07
2.1E-07
7.7E-07
3.6E-09
3.9E-06
2.7E-07
1.1E-07
4.0E-06
2.1E-05
5.5E-07
4.0E-09
1.1E-11
1.6E-08
7.8E-07
5.8E-10
6.8E-04
1.7E-146
1.3E-06
1.1E-08
2.7E-08
3.2E-07
5.3E-143
1.2E-132
4.0E-06

Table S14. The 25 most highly expressed genes that are differentially expressed in left
ventricles of rHCI injected mice with myocardial infarction compared to sham mice. The 25
genes with the largest log cpm out of 11427 total differentially expressed genes are included
in this table. RNA was isolated from left ventricles two days after intramyocardial treatment
injection in mice that had an infarct induced seven days prior. tHCI (n =5), sham (n=5) and
sham (n = 5) RNA samples were analyzed by next generation RNA sequencing at 50 million
read depth for protein coding genes. Quality control, read trimming, alignment, and edgeR
differential expression analysis of reads was completed by C3G bioinformatics group. FC:
fold change relative to sham, CPM: gene read counts per million, LR: fold change likelihood
ratio, and FDR: false discovery rate.
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Appendix C: Permissions

Text from Chapter 2: 2.0.1-2.1.20, Chapter 3: 3.1.1-3.1.7, and Chapter 4: 4.2.1-4.2.4 along
with Figures from Chapter 2: 2.1-2.3, Chapter 3: 3.1-3.7, and Appendix A: S1-S9 with Table
S1 are reproduced with modification from: McLaughlin, S., and McNeill, B. et al. (2019)
Injectable human recombinant collagen matrices limit adverse remodeling and improve
cardiac function after myocardial infarction. Nature Communications /0, 4866.
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Appendix D: Endpoint Schematics for MI Mouse Trials

Aim 1 and 2

| PBS (n =14) }—'| -2 poor injection I—'| -1 no infarct H PBS (n =11) |
rHCI (n =15) * rHCI (n =15)

| rHCIII (n =14) I—'| -1 poor injection i i rHCIII (n =13) |

Aim 3 Day 2 Endpoint Trial

| Died post-MI (n = 2) |

PBS (n =17) rHCI (n = 21)

| Died post-injection (n = 0) |

Exclusion LVEF > 50% Exclusion LVEF > 50%
(n=1) (n=1)

PBS (n =16) rHCI (n = 20)

Aim 3 Day 28 Endpoint Trial

| Died post-MI (n=0) |

P88 (115

| Died post-injection (n = 1) | | Died post-injection (n = 1) |

| Exclusion Criteria (n = 0) |
PBS (n =14) rHCI (n = 16)
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