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ABSTRACT
Rationale: Heart failure is the one of the leading causes of death in the United States.
Myocardial infarction (MI) is followed by cardiac remodeling involving extensive
fibrosis and which can ultimately progress into heart failure. Previous studies have shown
both that both post-MI and post-ischemia reperfusion (I/R), there is a reduction in scar
size and improved cardiac function as a result of administration of cortical bone stem cell
treatment.

Objectives: We investigated the mechanism through which CBSC-derived exosomes
altered wound healing and reduced scar formation through in vitro experimentation and
in an in vivo post-I/R study in mice. The effects of CBSCs and CBSC-derived exosomes
on cardiac fibroblasts was determined. The aim was to broaden our understanding of the
mechanism by which CBSCs exert their anti-fibrotic effects.

Methods and Results: We investigated the effects of mouse CBSCs (mCBSC), human
CBSCs (hCBSC), mCBSC-derived exosomes and hCBSC-derived exosomes on murine
embryonic fibroblast (MEF) migration. Treatment with both mouse and human CBSCconditioned media (CBSC-CM) which contains exosomes caused a decrease in fibroblast
migration. Exosome depletion from the CBSC-CM enhanced the reduction in fibroblast
migration, implying exosome contents are involved in fibroblast migration. Treatment of
fibroblasts with mCBSC-CM and mCBSC-derived exosomes showed a reduction in
fibroblast-associated genes matrix metalloproteinase 9 (MMP9) and Collagen 3A1
(Col3A1), as evidenced by qPCR analysis. Next, to examine if exosomes decrease
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fibrotic activation, adult rat ventricular fibroblasts (ARVFs) and adult human cardiac
fibroblasts (NHCFs) were treated with TGFβ to activate fibrotic signaling before
treatment with mCBSC- and hCBSC-derived exosomes. mCBSC-derived exosomes
cause a 40% decrease in myofibroblast activation in ARVFs compared to TGFβ activated
controls. hCBSC-derived exosomes caused a 100-fold decrease in human fibroblast
activation, implying an even stronger intraspecies anti-fibrotic effect. To further
understand the signaling mechanisms regulating the protective decrease in fibrosis, we
performed RNA sequencing on the NHCFs after hCBSC-derived exosome treatment. The
group treated with both TGFβ and exosomes showed a decrease in micro RNA (miRNA)
and small nucleolar RNA (snoRNA), known to be involved with ribosome stability. A
24hr I/R study on 13wk old C57B/L6NJ mice showed that injection of mCBSCs and
mCBSC-derived exosomes into the ischemic region of an infarct had a protective effect
against I/R injury.

Conclusions: In vitro findings show that wound healing induced by CBSC-derived
exosome treatment involves the reduction of myofibroblast activation. RNA-Seq analysis
identified that CBSC-derived exosomes inhibit with fibroblast activation by decreasing
the expression of ribosome-stabilizing snoRNA, reducing protein translation and
inflammatory signaling in activated cardiac fibroblasts, culminating in a decrease of
myofibroblast activation. Additionally, in vivo, we found that mCBSC-derived exosomes
recapitulate the effects of CBSC treatment, indicating exosomes are partly responsible for
CBSC therapeutic effects in the post-I/R heart. Both mCBSCs and mCBSC-derived
exosome treatment led to lower infarct size at 24 hours post-IR.
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CHAPTER 1: THE HEART AND MYOCARDIAL
INFARCTION
Heart Failure Therapies
In the forty years of study into management of cardiac pathologies, research has
evolved from treating symptoms to allow for improved quality of life to finding therapies
that target the roots of heart failure. When heart failure management began in the 1980s,
the expected quality of life of heart failure patients was markedly lower than the present
day quality of life goals in current cardiac research trials. The main therapeutic target of
cardiac research was fluid retention levels in the affected patients, as those caused
breathlessness and peripheral edema(1). At that time, the only therapies available to treat
fluid retention were diuretics and digoxin(2).
As cardiac research evolved, new targets for therapy emerged. Trials began to
target vasoconstriction and the neuro-hormonal system, using newly developed therapies
such as nitrates, angiotensin-converting enzyme (ACE) inhibitors, angiotensin-II receptor
blockers (ARBs), mineralocorticoid antagonists (MCRAs) and beta-blockers(3-7).
The introduction of ACE-Is, ARBs, MCRAs and beta-blockers into the battle
against heart failure has been one of the great successes in heart failure research. ACEinhibitors function by relaxing vasoconstriction by inhibiting angiotensin-converting
enzyme, which normally functions to convert angiotensin I to angiotensin II, which is a
vasoconstrictor(8). Another aspect of the mechanism for ACE-inhibitors is to increase the
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level of bradykinin, which works as a vasodilator(4). In combination, these mechanisms
lead to ACE-inhibitors’ effects as vasodilating and blood pressure-reducing agents.
ARBs function in a slightly more direct fashion than do ACE-Is, since ARBs
work by blocking the activation of angiotensin-II (Ang-II) receptors(5). These receptors
are distributed throughout the smooth muscle cells of blood vessels, as well as within the
adrenal gland. The blockage of Ang-II receptors leads to vasodilation and reduces the
secretion of aldosterone and vasopressin. Aldosterone and vasopressin are hormones that
under normal conditions act to increase vasoconstriction. Hence, the blockage of these
hormones due to blockage of Ang-II receptors leads to a reduction in blood pressure(9).
MCRAs function by altering the metabolic pathway that is involved with sodium
absorption and potassium excretion, specifically within the kidneys(6). When
aldosterone, a mineralocorticoid synthesized within the adrenal glands, is secreted and
binds to its receptor, it increases sodium reabsorption and thus blood pressure. MCRAs
bind to the same receptor as aldosterone, and compete for said receptor’s occupancy, thus
leading to higher levels of sodium secretion, which ultimately results in a decrease of
blood pressure(10, 11).
Beta-blockers block receptor sites on adrenergic beta receptors, which are a vital
part of the sympathetic nervous system(12). Beta receptors are found on the cells of the
sympathetic nervous system associated with stress responses, in particular, the cardiac
muscle, arteries, and airways(13). They are typically activated by the endogenous
catecholamines, adrenaline and noradrenaline. Adrenaline and noradrenaline are
neurotransmitter hormones that function by activating the body’s physiological fight or
flight syndrome. They bind to beta receptors and in doing so increase the body’s ability to

2

respond to stress, generally by causing vasoconstriction and increasing the heart rate.
Beta-blockers are used in addition to ACE-Is and diuretic treatments, as they function to
decrease cardiac contractility(14). This effect of beta-blockers is useful in long-term heart
failure, as that is often characterized by increased catecholamine activity on the heart as
long-term cardiac stress sets in(15, 16). Thus, the reduction of catecholamine is
ultimately helpful when the beta-blocker dosage is carefully titrated to improve cardiac
output when compared to the highly activated heart’s lowered cardiac output(2, 17).
Even with substantial medication supplementation of cardiac function, patients
with heart failure proceed inexorably towards the need for transplant. Mechanical assist
devices have also been developed to assist the heart in its role in pumping blood
throughout a person’s body. In an attempt to bridge the gap between when a patient can
no longer properly circulate their own blood and when a future heart transplant is
available, mechanical assist devices were developed in the 1960’s(18). These devices can
either perform a pulsatile motion in order to more closely mirror the heart’s normal
pumping function, or instead function by provoking continuous flow of blood. Some leftventricular assist devices (LVADs) are used in the short term to act as a crutch as patients
recover from an acute myocardial infarction (MI), while some LVADs are intended for
months to years of usage, in the case of patients with heart failure(19). Another surgical
technique that has been developed to assist in the case of blockage within a cardiac vessel
is coronary bypass surgery(20). This extensive procedure is used when a blockage is
found within the heart and involves creating a physical bypass around the blockage
within the vessel, rather than opening the blockage itself. In order to do this, typically a
blood vessel is harvested from somewhere else within the patient’s body, most often a
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vein from one of the patient’s legs. This harvested vessel is inserted before and after the
site of blockage in order to re-route blood. While this does solve the immediate problem
of blockage, the underlying disease that led to the blockage still requires pharmaceutical
intervention. Nevertheless, coronary bypass surgeries have been used to extend the
lifetime of the heart before transplant is required.
These discoveries of both medication and mechanical interventions have led to
advances in the quality of life for patients suffering from heart failure in terms of
ventricular function as well as overall morbidity and mortality(8, 21) .
Some heart failure research has been focused on the efficacy of single-molecule
solutions for heart attacks and heart failure. Specifically, one therapy that has been
explored has focused on trying to modulate the regulation of cardiac pacemaker activity,
in particular through the funny current (22). The funny current is an electrical current
within the heart that mediates the diastolic phase of cardiac contraction by flowing
through pacemaker cells. Cardiac pacemaker-oriented treatments involve using a funny
channel inhibitor, causing a delay of diastolic depolarization which ultimately slows the
heartbeat, thus allowing for a longer duration of diastolic perfusion. This treatment
functions by reducing cardiac work and allowing for higher blood volumes. Currently,
another therapy being studied allows for the manipulation of the angiotensin system as
well is neprilysin, which is an enzyme involved in causing the release of natriuretic
peptides(23). The joint inhibition of ACE and neprilysin by a combined small molecule
therapy has been shown to increase the circulating levels of natriuretic peptides(24, 25).
Although there have been significant improvements to pharmaceutical interventions for
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the underlying causes of heart failure, therapies capable of treating the actual failure
remain extremely limited.
In spite of the marked successes of interventions for high blood pressure and
atherosclerosis, such treatments only address the symptoms of heart failure. There have
yet to be any findings for a way to repair the damaged or dead cardiac muscle. All
treatments thus far merely serve as a stopgap until eventual heart transplant or death.
Patients who require hospitalization as a result of their heart failure symptoms have a
mortality rate at 1 year of up to 20%, and up to nearly 40% in those older than 85 years
old(1).
Ultimately, heart failure leads to the need for heart transplant. Unfortunately, the
supply for donor hearts continues to be more limited than the need for transplant, as
donor hearts only become available through a narrow set of accidents to donor humans.
In order to attempt to increase the supply of hearts for transplant, many laboratories have
begun to research techniques for growing hearts entirely from cells within a dish or,
alternatively, for washing cells out of heart tissues that were donated to medical research,
and re-cellularizing the heart scaffold(26, 27). This field of research holds great promise
for improving cardiac outcomes, however the research has not moved forward at a pace
that addresses the current needs within the heart failure patient population. There remain
many steps to tackle in order to produce a fully functioning, beating heart that is
transplant-viable.
As the world-wide population continues to age, it is anticipated that the number of
people who will develop heart failure will rise alongside the average global age.
Furthermore, the lifestyle currently enjoyed by those fortunate enough to live in the
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‘Western World’ increasingly shows itself to be one of the strongest risk factors for
developing heart disease and heart failure. The CDC estimates that the number of adults
with diagnosed heart disease within the United States is upward of 30 million (28). The
proportion of adults who are overweight or obese within the US population has risen to
an alarming 73%(29). Furthermore, the treatment of heart disease costs the US about
$200 billion a year(28). Hence, there remains a need for further development of therapies
that may come to treat the root causes of heart failure - the most common being the cell
death and subsequent scarring that occurs as a result of blockages within the vessels of
the heart.

The Heart
The heart is an organ designed to pump blood through the lungs as well as
through the entire body to provide oxygen and cellular nutrients to all human tissues(30).
It is approximately the size of a closed human fist and sits slightly to the left of the
sternum in the human chest. Anatomically, the heart consists of four chambers: a right
and left atrium, and a right and left ventricle(30, 31). By beating rhythmically, the right
atrium of the heart receives deoxygenated blood from the body. The deoxygenated blood
flows through to the right ventricle through the lungs, resupplying oxygen to the blood
cells. Once becoming oxygenated, the blood flows from the lungs through the left atrium
and into the left ventricle. Finally, the oxygenated blood is pumped through the aorta to
supply the tissues of the body with oxygen and nutrient-rich blood.
The heart contains a pump function in which it is a complex mechanical muscle in
motion. Each full heartbeat is created by two parts: diastole and systole. The period called
“diastole" is when the ventricles are expanded and filling with blood as the atria contract
6

and dump blood into the ventricles. “Systole” is the period of when the ventricles are
contracting and ejecting blood from the heart into the circulatory system(31). In order to
coordinate this balance of contraction and relaxation, the heart contains a well-honed
electrical system.
The electrical system which controls heartbeat begins at the sinoatrial (SA) node
located within the right atrium(32). A special cell type called pacemaker cells within the
SA node fire electrical impulses, telling the atria to contract and release the blood into
their respective ventricles. The signal from the SA node travels through the atria to the
atrioventricular (AV) node, which is located between the atria and the ventricles. The AV
node is responsible for coordinating electrical signals in order to prevent the atria and
ventricles from contracting simultaneously. The electrical signal travels through the AV
bundle also commonly referred to as the bundle of His, located in the interventricular
septum. The electrical signal continues to the left and right bundle branches and finally
reaches the Purkinje fibers. These conducting fibers are a critical piece to controlling the
heartbeat. Their physical arrangement in the heart allows for the electrical signal to pass
through so that the apexes of both ventricles contract before the bases of the ventricles,
thus ejecting blood out of the chambers(33).

Cells of the heart
The heart is comprised of several different cell types, among which are cardiomyocytes,
endothelial cells, cardiac fibroblasts, smooth muscle cells, mast cells, and immunesystem cells(34). We will focus on cardiomyocytes, endothelial cells, and cardiac
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fibroblasts for the purposes of this discussion, as these are the cell types that feature most
prominently in the work described herein.

Cardiomyocytes
The cardiomyocyte has long reigned as chief among the cells researched within
the heart. The cardiomyocyte is the fundamental contractile cell within cardiac muscle
tissue. (35) By mass, the cardiomyocyte makes up roughly 80% of the heart. The
cardiomyocyte contains organelles called sarcomeres, which are linked together in a
macro-structure called a myofibril. The myofibrils are responsible for conduction of the
excitation electrical signals throughout the heart, as well as the coupling of excitation to
contraction(36).
Excitation contraction coupling (ECC) is the system through which the myocyte
is stimulated to contract. Calcium (Ca2+) ions are the crucial player in the ECC, with a
successful transduction of cellular action potential and the release of Ca2+ ions into the
cellular cytosolic space leading to a cardiomyocyte contraction(37). In order for
cardiomyocytes to coordinate movement in synchrony across the entire heart, junctions
referred to as intercalated discs connect cardiac cells(38). Intercalated discs act to permit
sodium, calcium, and potassium to diffuse between the connected cells. This allows for
coordinated polarization and depolarization across the entire myocardium. Polarization
and depolarization causes the release and uptake of calcium, sodium and potassium,
leading to changes in action potential which ultimately lead to an alteration in the
physical shape of the myocytes, which translates to a three-dimensional physical

8

contraction or relaxation. The intercalated discs and the highly conductive nature of
cardiomyocytes allow the cardiac muscle to move together in unison as heartbeats(38).
Cardiomyocytes present a unique challenge to work with due to the rates at which
they die in vitro(39). Cardiomyocytes are terminally differentiated and have extremely
limited proliferating and self-healing capacities, meaning these cells can no longer
change, multiply or resolve any damage that may occur to them. Despite the efforts of
cardiac researchers throughout the world over, cardiomyocytes remain difficult to
manipulate in vitro. Many laboratories have tested ways to push the cardiomyocyte to
regenerate itself in the case of ischemic injury, however, success has been extraordinarily
limited(40). While in utero, cardiomyocytes are able to divide and regenerate as the heart
itself is built. However, within a few hours of a human’s birth, cardiomyocytes lose this
regenerative capacity. In essence, the number of cardiomyocytes one is born with will be
the upper limit for the number said person will ever possess(41). Research is ongoing to
discover whether there is a possible method for causing a cardiomyocyte to re-enter the
cell cycle.

Cardiac Endothelial Cells
Endothelial cells form the innermost layer of all blood vessels in all human
organs, including the heart. In this specific organ, cardiac endothelial cells (CECs) form
the layer called the endocardium(42). The endocardium performs a vital role in allowing
for the transfer of cellular nutrients between tissues and blood. In the context of injury or
inflammation, endothelial cells are responsible for coordinating the formation of new
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blood vessels, a process known as angiogenesis. The endothelial cells that line the blood
vessels are also directly involved in both vasoconstriction and vasodilation(43).
The endothelium is responsible for regulating cellular proliferation and cellular
death, partially by releasing molecules that regulate blood vessel diameter in response to
physiological and mechanical stimuli, as well as injuries related to ischemic periods.
Within the heart, endothelial cells serve to line the dense capillary network that supplies
the heart muscle itself with nutrients. CECs perform angiogenic processes both in the
context of physiological and pathological hypertrophy(44). In the context of
physiological hypertrophy, endothelial cells are pro-angiogenic, allowing for more
capillaries to supply the ventricular and atrial muscle as cardiac demand is increased by
sustained exercise. Meanwhile, in the context of pathological hypertrophy, there is a
reduction in capillary density versus the oxygen and nutrient demands of the surrounding
cardiac muscle tissue, leading to areas of microvascular hypoxia, cardiomyocyte
apoptosis, and fibrosis(45).

Cardiac Fibroblasts
Cardiac fibroblasts (CFs) are the key cell type involved with cardiac fibrosis. CFs
are of mesenchymal origin(46). By the number of nuclei, cardiac fibroblasts outnumber
cardiac myocytes. The majority of CFs develop from epicardium-derived cells during
cardiac development. The endothelial-to-mesenchymal transition is responsible for a
small subpopulation of cardiac fibroblasts located mostly in the interventricular septum
and in the aortic valves. The neural crest is responsible for cardiac fibroblasts found in
the right atrium(47). Fibroblasts are distributed as both strands and sheets of fibroblasts
between cardiac muscle fibers(48). They maintain homeostasis of the extracellular matrix
10

(ECM), which creates structural integrity within the heart as a scaffold for all cardiac
cells. Under homeostatic conditions within the heart, fibroblasts release paracrine factors
that signal to cardiomyocytes, endothelial cells, and immune cells(46).

Myofibroblasts
In response to cardiac ischemic injury, the resident cardiac fibroblast population
expands and eventually makes up the majority of the new cells in the infarcted area
during the post-MI remodeling phase(47). In response to the mechanical stress and proinflammatory cytokines (Tumor Necrosis Factor- α, Interleukin - 1β, and Interleukin 6
are just a few of the cytokines released in response to ischemia) induced by a myocardial
infarction and post-MI reperfusion injury, fibroblasts proliferate, migrate to the area of
ischemic injury, and then are activated to transdifferentiate into myofibroblasts (also
known as activated fibroblasts)(16). Myofibroblasts are cells which are similar in
structure to both fibroblasts and smooth muscle cells, and are only present within the
myocardium after an injury(49). A complicating factor of working with myofibroblasts is
that they express very few unique surface markers for identification. Currently, αSMA
staining is the best option for identifying myofibroblast presence within cardiac
tissue(50). Myofibroblasts can be differentiated from fibroblasts by characterizing their
function, which involves both migration and a contractile phenotype, resulting from
increased expression of αSMA and non-muscle myosin, both contractile proteins.
Myofibroblasts also contain large amounts of endoplasmic reticulum, which allows them
to produce and release ECM proteins(51).
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Components of the Heart
The cardiac ECM is a vital structure within the myocardium composed of
structural, adhesion, and matricellular proteins which provide both the scaffold for the
other cardiac cells to form the structure of the heart, and also prompt electrical activity
and participate in the complex biochemical signaling within the heart(52). ECM wound
healing and repair is strongly mediated by internal, non-structural matricellular proteins
called matricellular proteins(53). Matricellular proteins bind to the structural ECM
proteins and activate cell surface receptors to alter ECM response to injury(54). The key
matricellular proteins that have been shown to have established functions in the post-MI
healing response include: periostin, osteopontin, thrombospondins (TSPs), tenascins, and
the cellular communication network (CCN) family of glycoproteins(55). In particular,
TSP-1 and 4 expression has been shown to correlate to natriuretic peptide gene
expression and echocardiographic studies of cardiac function and is upregulated in early
and late stage post-MI remodeling(56). In terms of pathological fibrotic remodeling, a
key mediator of ECM synthesis is connective tissue growth factor (CTGF, CCN2)(57).
This growth factor acts to promote TGFβ-induced production of ECM. CCN2 is rapidly
upregulated in cardiac fibroblasts after the CFs are exposed to growth factors, and causes
them to increase fibrosis in response to pressure overload(58).
Key components of the extracellular matrix within the heart are proteins known as
collagens. The primary structural collagens within the heart are collagen type I and
collagen type III(59). They act to both provide mechanical support to the cardiac
structure by stiffening the myocardial walls, and transmit the mechanical force of cardiac
contraction(60, 61). Both fibroblasts and myofibroblasts secrete collagens in a “collagen
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precursor” form. Collagens achieve their mature fibrillar form following three different
paths: association with matricellular proteins, proteolytic cleavage by collagen-specific
proteinases, and spontaneous self-assembly(62). Under homeostatic conditions within the
healthy heart, there exists a strict regulation of collagen through controlled synthesis of
new collagen and degradation of old collagen(63). This collagen degradation occurs at
the hand of endopeptidases known as matrix metalloproteinases (MMPs), which are
tightly controlled in order to maintain equilibrium between degradation and
synthesis(64). MMPs, apart from their role as ECM degraders, also regulate the signaling
between fibroblasts(34). MMPs are inhibited by tissue inhibitors of metalloproteinases
(TIMPs), all four forms of which are endogenously expressed in myocardial tissue.
TIMPs play a vital role in regulating ECM homeostasis by inhibiting MMP’s activity of
collagen degradation(64, 65).
Besides the homeostasis that is maintained by the buildup and breakdown of the
ECM by TIMPS and MMPs, there are other cellular players involved with ECM
maintenance. Another important glycoprotein, known as fibronectin, is involved in the
migration of fibroblasts and the promotion of myofibroblast activation(66). It is a dimeric
protein and consists of homologous repeating domains, and can be alternatively spliced to
produce a longer version of itself. This alternate version of fibronectin contains the aptly
named “extra domain A or extra domain B”(67). The deletion of this extra domain has
been shown to prevent post-MI impairment of cardiac function and pathological
remodeling(68).
The ischemic period of an MI causes necrosis at the core of the ischemic region.
This necrotic cardiomyocyte death triggers a wound healing response in an attempt to
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prevent further damage to the cells and to avoid the rupture of the ventricular wall(69).
Once past the post-natal phase, cardiomyocytes are incapable of regeneration as they are
unable to re-enter the cell cycle, which is a necessary step for cardiomyocyte
proliferation(70, 71). In lieu of regeneration or creation of new cardiac muscle cells, the
dead cardiomyocytes at the center of the infarct are replaced with a permanent fibrotic
scar, mostly composed of collagen(72).

Cardiac Hypertrophy
Intrinsic to the heart disease phenotype is a phenomenon known as cardiac
hypertrophy. This is a response to increased stress within the heart, most often a
mechanical stress caused either by a pathological condition or a long term, sustained
heightened demand upon the heart due to intense exercise(73). The increased mechanical
stress leads to increased pressure upon the heart’s walls. Over time, hypertrophy develops
in order to equalize the pressure. The changes that occur within the heart are a response
to the pro-hypertrophic stimulus and affect nearly all the cells within the heart, including
but not limited to the cardiomyocyte, which experiences an increase in size, a switch of
the genes expressed by the cells towards a more ‘fetal’ like group, and increased
synthesis of proteins related to wall stability and growth(74).
While at first glance it would seem that hypertrophy would be limited to a helpful
response to an external stressor by reducing the effect of increased cardiac demand,
previous research has taught us that extended periods of hypertrophy lead to an increase
in heart failure prevalence(75). The functional consequence of hypertrophy is an overall
increase in cardiac muscle mass. Some of the potential causes of pathological
hypertrophy are myocardial hypoxia, hypertensive disease, atherosclerosis, and altered
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neurohormonal environments. The increased cardiac mass as a result of these pathologies
can either deviate into a form of hypertrophy known as (eccentric) dilated
cardiomyopathy, or otherwise can develop into concentric hypertrophy(76).
Eccentric hypertrophy has a physiological phenotype of a dilated ventricular
chamber with wall thinning. Eccentric hypertrophy is triggered by cardiac volume
overload within the ventricles. Cardiac volume overload occurs when there is too much
blood in the ventricles and the heart is unable to pump out the excess blood, leaving
blood behind in the ventricles. This leads to stretched out cardiomyocytes and to
sarcomeres being added within cardiomyocytes in series. This is seen in long-term heart
failure patients as well as in patients with dysfunctional mitral valves, as there is a
relative increase in the volume of blood the ventricles are forced to compensate for(77).
Concentric hypertrophy is most commonly provoked by hypertension. Concentric
hypertrophy is characterized by the cardiomyocytes becoming wider, with the sarcomeres
added in parallel, leading to overall thicker ventricular walls with smaller volumes
possible within the chambers. In concentric hypertrophy, most cases are characterized by
the increased cardiac muscle composed of fibroblasts filling in the new spaces within the
ventricular walls, rather than cardiomyocytes. This leads to the production of a stiff
collagen network between the fibroblasts, partly causing the apoptosis of cardiomyocytes,
as well as increased filling pressures in the ventricles, and ultimately heart failure(76, 77).
In this work we will concentrate on the mechanisms that are involved with eccentric
hypertrophy development in response to a myocardial insult.
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Myocardial Infarction
Heart failure does not appear overnight; its development is a slow progression
over time. We have discussed several ways for how heart failure appears, however we
have not yet covered one of the more prominent causes for why heart failure develops.
Heart failure is most often triggered by a one-time or successive series of myocardial
infarctions (MIs), colloquially known as heart attacks. A heart attack is generally caused
by physical blockage of an artery/blood vessel within the heart, commonly due to
atherosclerotic plaque build-up, but also less commonly due to genetic malfunctions
within the structure of the heart’s vasculature that lead to deficiencies in cardiac
function(77, 78). In terms of the physical symptoms that a person experiences during a
heart attack, there can be many indications of the cardiac event. Chest pain, chills,
sweating, pain in left arm or jaw, nausea, a feeling of impending doom, and intense chest
pressure are all symptoms that are commonly reported by people experiencing cardiac
injury(79).
Ischemia occurs when the heart tissue is deprived of the required blood supply for
normal function. This results in deficiencies in oxygen, glucose, and other crucial cellular
substances required for cell metabolism. One key cellular component that is involved
with cell metabolism is Adenosine-triphosphate (ATP), which functions as a major
cellular energy source for most cell reactions within the body. In the context of the
ischemic environment during an MI, ATP production is disrupted at the cellular level by
the buildup of lactic acid due to the disruption of mitochondrial anaerobic glycolysis.
This lack of ATP production causes ATP-dependent ionic pumps to cease proper
function, and this causes a loss of the transmembrane ionic gradient(79, 80). The loss of
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the transmembrane ionic gradient leads to a rise in cytosolic sodium, which disrupts the
osmotic equilibrium of the cell, thus causing hydroponic swelling of the cells. In order to
attempt to maintain the ionic balance, the cell releases potassium ions into the
interstitium. The interstitium is the three-dimensional space within the heart that is made
up of a variety of extracellular matrix components which surround the cardiac cellular
compartments. Mitochondrial calcium-dependent cytosolic proteases are then activated
by a release of mitochondrial calcium into both the cytoplasm as well as extracellular
spaces. One such cytosolic protease which is activated is calpain, which acts to convert
xanthine dehydrogenase to xanthine oxidase(81). Xanthine oxidase then functions to
create reactive oxygen species (ROS). This cascade of damage is then mitigated by
surgical intervention, but the chain reaction that has led to the production of ROS will
inevitably lead to reperfusion injury.

Reperfusion Injury
Surgical intervention via either a catheterization balloon angioplasty or stent
placement is used to stop a blockage in the heart and allow blood to flow back through
the heart to prevent a myocardial infarction or heart failure. However, following these
surgical interventions a new type of cardiac injury occurs known as reperfusion
injury(82). Reperfusion injury is the cascade of cell death caused by the return of blood
flow to the area which was experiencing the infarct(83). It is a paradoxical-like effect in
that the crucial step of the restoration of oxygen and cellular energy to the infarcted area
is both desperately needed and also causes a secondary injury that in some ways is more
severe than the initial injury.
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As reperfusion begins, molecular oxygen supply to the previously ischemic region
rises rapidly. The increased xanthine oxidase as a result of ischemia is then catalyzed by
this increased oxygen to degrade hypoxanthine to uric acid(84). A consequence of this
degradation is the molecular release of superoxide anion (O2-)(85). This superoxide anion
is then converted to both hydrogen peroxide and hydroxyl radicals. These hydroxyl
radicals lead to peroxidation of the cell membrane at the lipid level, which results in the
production and sustained release of proinflammatory eicosanoids, which ultimately
disrupts cell membrane integrity and alters cell membrane permeability. This leads to cell
death.
The cell death that results from ischemia followed by reperfusion injury is due to
a combination of both necrotic and apoptotic cell death(86). The core of the infarct, the
area most affected by the loss of blood supply, undergoes necrotic cell death (87, 88).
Necrotic cell death is a “disorganized” cell death process in which the membrane of the
cell ruptures, and does not follow apoptotic cell signaling pathways(89). The necrosis that
is initiated by myocardial infarction comes about as a result of the production of
superoxide radicals which then ravage proteins and membranes that they come into
contact with(90). Meanwhile, the border zone of the ischemic area undergoes apoptotic
cell death(91). This is a process that is characterized by a chain of genetically-directed
events leading to an alteration in cell morphology, controlled fragmentation of cellular
DNA, and ultimately cell death(92, 93). There is a crosstalk that occurs between these
pathways of cell death in the context of the post-I/R injury(94). Literature shows that in
the context of overwhelming amounts of cell death, the innate immune system is unable
to complete the programmed process of apoptosis, leading cells that would otherwise
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undergo apoptosis to transition to a type of cell death called secondary necrosis, also
known as pyroptosis(95, 96).
The ischemic period of an MI causes necrosis at the core of the ischemic region.
This necrotic cardiomyocyte death triggers a wound healing response which is aimed at
preventing further damage to the cells and also preventing the rupture of the ventricular
wall(69). Cardiomyocytes, after they have passed the post-natal phase, are incapable of
regeneration, as they cannot re-enter the cell cycle, which would be a necessary step for
cardiomyocyte proliferation(70, 71). In lieu of regeneration or creation of new cardiac
muscle cells, the dead cardiomyocytes at the center of the infarct are replaced with a
permanent fibrotic scar, mostly composed of collagen(72). The cell death that occurs as a
result of a myocardial infarction results in the replacement of the dead cells by fibrotic
scar tissue(72).
Replacement fibrosis is also known colloquially as scar formation. Scar formation
plays a vital role in post-MI remodeling, as it is crucial to prevent the ventricular wall
from rupturing after an ischemic event(74). However, the fibrotic tissue which makes up
scars is non-contractile. The scar tissue being non-contractile leads to an increase in
mechanical stress, and this, coupled with hormonal and paracrine signaling from the
injured cardiomyocytes and newly activated fibroblasts, induces growth of connective
tissue in remote areas of the heart(49). This non-contraction leads to reactive fibrosis in
remote areas of the heart, and altered chamber compliance, as well as increased
ventricular stiffness(97). Furthermore, beyond the change in cardiac contractility that
results from fibrosis, there is also interference with the normal electrical pathways of the
heart, which leads to a predisposition for arrhythmias(98).
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Phases of Healing
The healing phases after an MI can be divided into three partially distinct phases:
the inflammatory phase, the proliferative phase, and the maturation phase(99, 100).

The Inflammatory phase:
The immediate physiological response to a myocardial infarction is referred to as
the inflammatory phase of wound healing. This response is a rapid phase, beginning
immediately as the ischemic period occurs, and lasts for one to three days(101). At the
level of cardiac tissue, the inflammatory phase consists of an immediate atmosphere of
hypoxia, and changes in the mechanical stretch of cardiac muscle(102). Complement
activation occurs, and there is a “washing out” of dead cells and matrix fragments that
necrose within the infarcted area(103).
At a cellular level, the necrosis process begins with the cardiomyocytes, as well as
the surrounding fibroblasts and endothelial cells which have been cut off from oxygen
and ATP. Neutrophils are recruited to the site of injury, and replacement of dead cells by
macrophages and mononuclear cells begins. Degradation of extracellular matrix proteins
increases, and synthesis of ECM decreases. For this short period of time, the cardiac
ECM is composed of a highly dynamic matrix consisting of fibrin and fibronectin(102).
Reactive oxygen species exist at high numbers, and cytokine and chemokine expression
increases, in particular, Interleukin 1β, Interleukin 6, and tumor necrosis factor (TNF)
levels increase(104). MMP activity and expression levels rise, as well as NFkB and tolllike receptor signaling(105).
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The Proliferative Phase:
Following the initial rapid response to the infarct, once the initial phase of
salvaging wounded cells and cleaning out dead cells has passed, the wound healing
response shifts to a proliferative phase. During the initial time of this phase, fibroblasts
shift to become the dominant cell type in the infarct area and switch to a largely activated
fibroblast phenotype(46). This phase of proliferation lasts from roughly the third day
post-infarction up to several weeks after the ischemic event. At a tissue-level, the macrocellular response to this phase involves the formation of the scar as a collagen-based
matrix within the infarcted zone, as well as the establishment of a microvascular network
to supply the newly migrated and engrafted fibroblasts(72).
At a cellular level, the proliferative phase consists of the apoptosis of
inflammatory cells, the transdifferentiation of fibroblasts into myofibroblasts, and the
proliferation and infiltration of endothelial cells[99]. At the level of the ECM, there is an
increase in the synthesis of collagens (in particular collagen-III) and laminin. There is
also an increase in the synthesis of adhesion proteins and matricellular proteins(106). The
signaling molecules that are involved with these changes involved decreased expression
of inflammatory mediators such as Ang-II, endothelin-1, fibroblast growth factor, platelet
derived growth factor (PDGF), tumor growth factor β1 (TGFβ1), tumor growth factor β2
(TGFβ2), and Interleukin-10(107).

The Maturation Phase:
Following the proliferative phase, the cardiac scar enters the maturation phase. In
this phase the cardiac scar changes in phenotype as it matures. The tensile strength of the
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scar increases over time, and the cardiac muscle around the scar remodels as it contracts
around the non-contractile scar region(108). Fibroblasts, myofibroblasts, and vascular
cells all apoptose over time(69). In terms of the ECM, there is a great deal of turnover,
collagen-III levels decrease, and collagen-I levels increase. Cross-linking of collagen
occurs, and compaction of the collagen within the scar occurs. In terms of signaling,
MMP expression increases, and TGFβ3 and lysyl oxidases increase(61). The maturation
phase occurs over the scale of weeks to months, and is characterized mainly by the
development of a fibrotic scarred section of the myocardium.

Fibrosis: Remodeling of Myocardium
Interestingly, although the immediate effect of the localized fibrosis within the
infarct region is obviously shocking to the overall cardiac environment, the remote
remodeling within the myocardium in response to the increased contractile stress is that
which leads to heart failure(98). The expansion of the ECM in fibrosis is accompanied by
hypertrophic growth of the remote cardiomyocytes, and they attempt to adjust to
accommodate the increased load on their energy production(77). The fibroblasts attempt
to both increase cardiac function and decrease tension within the left ventricular wall.
The increased stiffness due to excessively cross-linked collagen and the stiffness within
the ventricles due to the ‘contraction’ of the fibrotic core of the infarct leads to a
compromise of the diastolic cardiac functions(109).
The increased mechanical stress and tension on the non-infarcted wall increases
the activation of latent TGFβ, which is a potent pro-fibrotic activator(16). In addition,
there is the likelihood of a feedback loop between the existence of myofibroblasts within
the infarcted core, and these very same myofibroblasts release pro-fibrotic factors that
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can travel through signaling pathways to induce more activation and fibrosis of
fibroblasts at the remote regions, as well as lead to increased collagen deposition in the
interstitial area and reactive fibrosis in adventitia, the outermost layer of blood vessels,
and in coronary arteries and arterioles. Perivascular fibrosis can cause narrowing of
vessel lumen, and has been associated with impaired coronary blood flow by lowering O2
supply to the myocardium and predisposing cardiomyocytes to ischemic cell death(110).
There are multiple signaling pathways that are involved in fibroblasts
transitioning to myofibroblasts. Firstly, there is signaling that is incurred through
mechanotransduction, which is the mechanical stimulation of increased or alterations in
flow or pressure on fibroblasts(111). Mechanotransduction is mediated mainly through
integrins, which are transmembrane receptor proteins that cause changes in cell
conformation upon ligands binding to them. Mechanotransduction of TGFβ occurs
through the binding of integrins to the secreted form of TGFβ, which contains a
propeptide called latency-associated propeptide (LAP)(112). Av integrins bind the LAP
of TGFβ, which leads to a mechanical movement of TGFβ out of its binding
complex(113). This then allows TGFβ to be stored in the ECM, where it is then
accessible to myofibroblasts for activation via contraction of the fibroblasts. Integrins are
crucial to signaling via mechanotransduction(114). Cardiac fibroblasts contain many of
the different types of integrins involved in mechanotransduction-mediated fibrosis(115).
In particular, cardiac β3 integrins bind to the same sequence in the LAP as referred to
earlier, but in this case the LAP is involved in collagen, vimentin, and fibronectin,
leading to pressure-overload induced myocardial differentiation and fibrosis(116).
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Another pathway involves fibrosis due to signaling changes initiated through the
TGFβ or WNT signaling pathways(117). Following mechanotransduction-initiated
release of TGFβ, they bind to their intended receptor, and activate either Smad-dependent
or Smad-independent processes (118). Smad-dependent processes are known as the
‘canonical’ TGFβ-signaling pathway. In short, TGFβ binds to TGFβ receptors. In this
cascade, the TGFβ receptor 1 kinase can then phosphorylate the receptor-dependent
Smad2 and Smad3, which then forces the translocation of p-Smad into the nucleus.
pSmad binds to Smad4 and then can bind to DNA within the nucleus, leading to higher
expression of the effectors of the TGFβ signaling process(119). The accumulation of
Smad2 and Smad3 in the nucleus has been shown to active pro-fibrotic genes such as α
smooth muscle actin (SMA), fibronectin, collagen I, collagen III, and collagen VI(120).
The non-canonical TGFβ signaling pathway involves TGFβ activating the
PI3K/Akt pathway by activating PI3K, which leads to the generation of
phosphatidylinositol, leading to the activation of Akt/protein kinase B, which ultimately
leads to the activation of downstream targets such as mTOR, glycogen synthase kinase3β (GSK-3β), all of which lead to pro-fibrotic outcomes(121, 122). A secondary noncanonical pathway is mediated through MAPK cascades, which involve MAPKs moving
the cellular signal from the membrane to the nucleus of the cell, regulating the expression
of collagen and TGFβ through Erk1 and Erk2(123).
Finally, WNT signaling has been indicated to also be pro-fibrotic through a
number of studies. WNT ligands activate Frizzled receptors, which are transmembrane
glycoproteins(124, 125). These activated Frizzled receptors then move to activate the
downstream β-catenin proteins(126). Downregulation of WNT signaling has been shown
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to impede cardiac fibroblast activation, indicating that WNT is crucial to one of the profibrotic signaling pathways in cardiac fibrosis. Signals to look for in a pro-fibrotic
environment are as follows: increased expression of: collagen 1, collagen 3, αSMA,
platelet-derived growth factor, periostin and TGFβ(127). Each of these pro-fibrotic
signaling pathways is in some way implicated in cardiac fibrosis, and as such is a
potential target for a pathway to targeted in order to reduce cardiac fibrosis.
In this chapter we have discussed the major structures and cell types of the heart,
as well as the pathophysiology of myocardial infarction and heart failure. We touched
upon the phases of post-myocardial infarction remodeling, both acute and long term. We
covered the major cell types which will be relevant to the work at hand, and in particular
focused on cardiac fibroblasts and the fibrotic signaling pathways involved with cardiac
fibrosis.
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CHAPTER 2: STEM CELLS IN CARDIAC
RESEARCH
Stem Cells
Stem cell research has been a controversial topic to the general public. However,
in the past 15 years, the use of stem cells in cardiac research has been promising. Stem
cells, first hailed as a panacea cure-all for the lack of cardiac regeneration that has
plagued researchers and clinicians alike, have presented both a myriad of opportunities as
well as many unanswered questions to this day.
First investigated in a cardiac context in the early 2000s, stem cells burst onto the
cardiac scene when there was some successful regeneration of cardiac muscle due to the
administration of bone marrow derived stem cells in a mouse model of myocardial
infarction by Orlic, et al. (128, 129). Clinical trials advanced swiftly, borne upon a high
tide of hope that the problem of heart failure had at last been solved(130, 131).
Unfortunately, these same clinical trials did not yield the hoped-for success(132, 133).
Despite this disappointment, much has been drawn from the partial efficacy of stem cells,
which has created other potential avenues to test for cardiac regeneration.
Stem cells are unique in that they are undifferentiated cells that can differentiate
into nearly all other cell types within the body, as well as the fact that they contain the
ability to self-renew, meaning they have the potential to divide indefinitely(134).
Furthermore, they contain the unique ability to create exact duplicates of themselves, an
ability which has also been described as clonogenic (135). Stem cells are largely divided
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into two categories, either embryonic stem cells (ESCs) or adult stem cells. From
scientists to laypeople, the use of ESCs has sparked an intense ethical debate, thus the
majority of recent human stem cell research has shifted to either utilizing adult stem cells
or a newly generated, ESC-like stem cell phenotype called induced pluripotent stem cells
(iPSCs)(136).
Adult stem cells have been sourced from a myriad of tissues, each presenting with
their own unique results when used in cardiac research. Some sources of adult stem cells
which have been investigated for potential cardiac reparative abilities are bone marrow
derived stem cells, mesenchymal, cardiac tissue, skeletal myoblasts, endothelial cells, and
hematopoietic bone marrow cells(128, 137, 138). At first glance, cardiac stem cells seem
to be a desired choice due to their sharing of the same source material as the desired
produced tissue. However, there are understandable difficulties in procuring adult cardiac
tissue which have limited the usage of said stem cells to a few focused trials(139).
Skeletal myoblasts, similarly, have been shifted away from in research due to some
troubling observations of arrhythmias in patients treated with skeletal myoblast-derived
cells(140, 141)
A very popular focus of cardiac stem cell research is the stem cells produced by
bone marrow given the relative ease of access to the source cell material compared to
other stem cell types(142). Indeed, the first study utilizing these cells was a perceived
success with cardiac regeneration occurring after treating mice with acute MIs with bone
marrow-derived stem cells(129). This experiment spurred the growth of the entire cardiac
stem cell research field, due to the surprising improvements in the treated mice versus
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control mice, specifically the increase of contractile and functional cardiac muscle tissue
of the treated group(129, 143).
With the promising results from the murine studies, human trials proceeded. They
were, however, inconsistent in their ability to recapitulate the reparative effects
demonstrated in the landmark stem cell study by Orlic et al(144). This inconsistency has
led to a series of in-depth studies of how each type of stem cell affects change upon
implantation, with the hope of uncovering the underlying mechanism that could allow for
a targeted therapeutic approach that is more likely to consistently yield improvements
post-MI.
The mechanism behind how stem cells work has been intensely debated. Some
researchers are strong proponents of the stem cells themselves engrafting and
differentiating into myocytes, fibroblasts, and endothelial cells(145). Other researchers
believe it is more likely that the stem cells themselves do not have long term survival
within the tissue, but instead that it is their secreted products that transfer cellular signals
to recipient tissues within the treated hearts, and that these signals have far-reaching
effects, both in terms of physical location and time elapsed from the point of
treatment(146, 147). This belief has been substantiated by the fact that the level of
engraftment of stem cells within treated humans varies widely(148, 149). This theory that
the major mechanism of stem cells is through their secreted factors has been titled the
paracrine hypothesis.

The Paracrine hypothesis
Paracrine signaling is a type of cell signaling that involves a cell producing a
signal that affects the surrounding tissue rather than being disseminated into the
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bloodstream and being distributed to far-off tissues(150). Given that there has been
success in administering even cell-free conditioned medium and seeing alterations to
cardiac signaling, protein production and genetic programming, paracrine mechanisms
for stem cell efficacy have been proposed and explored(151, 152).
One such paracrine mechanism that has been explored has been the chemokines
and cytokines produced by stem cells(153). Stem cells have been discovered to produce
many pro-angiogenic as well as potentially cardioprotective cytokines which have a
proinflammatory effect(154-156). TNFα, interleukin -2, interleukin-6, interleukin-8, and
TGFβ have all been investigated for their effects on altering of the highly inflammatory
and hypoxic environment within the heart after myocardial infarction(157-161).
However, the administration of these paracrine signals as therapeutic methods would be
complicated by the fact that they are equally likely to incite a cytokine storm as they are
to provoke repair(162).
An interesting twist to the stem cell hypothesis was proposed by Thum et al,
called the “Dying Stem Cell Hypothesis”, essentially states that the reason stem cells
showed a reparative effect was that by their very nature, stem cells were apoptotic when
used as a therapeutic. Thum et al. theorized that the signals which stem cells released as
they apoptosed would jumpstart the immune response that would normally only come
about further along the post-infarct phase(163). It is this early jumpstart to
immunomodulation, attracting helper cells and initiating the call for cellular assistance,
that may have led to a pseudo-cardioprotection by stem cells in some treatments. This
concept of the timing of stem cell administration affecting the immune response will be a
focus of the stem cell work discussed herein.
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Cortical Bone Stem Cells
In the early 2010s, the Houser laboratory began to investigate a novel stem cell
type that they termed as cortical bone stem cells (CBSCs) for their potential cardiac
reparatory effect(164). They were determining whether an easily obtained cell type,
cultured from bone biopsies, would potentially have a greater or comparative therapeutic
effect than the much better understood cardiac derived cell population.
These CBSCs, formerly called bone-derived mesenchymal cells, have been found
to emerge from bone biopsies over the course of several passages under specific cell
culture conditions. If femoral bone is digested with collagenase II and subsequently
treated with cell culture medium containing Dulbecco’s Modified Eagle Medium/Ham’s
F-12 (DMEM/F12), 10% Fetal Bovine Serum (FBS), 1% Penicillin-StreptomycinGlutamine (PSG), Insulin Transferrin Selenium (ITS), leukemia inhibitory factor (LIF),
fibroblast growth factorv (bFGF), and endothelial growth factor (EGF), the bone cells can
be provoked into de-differentiating into a stem cell-like phenotype. These cells have been
found to express unique markers from other widely studied stem cells(164).
CBSCs have been found to express surface marker proteins such as cluster of
differentiation (CD) 61 (CD61), c-kit, and Sca-1, as well as stain positive for β-1 Integrin.
CBSCS are also negative for surface proteins such as CD34 and CD45, as well as most
common markers of hematopoietic lineage. CBSCs have been found to secrete several
pro-angiogenic factors, with vascular endothelial growth factor (VEGF )being one of the
highest paracrine factors secreted. Among the other paracrine factors secreted by CBSCs
are Angiotensin-1, basic fibroblast growth factor (bFGF), hepatocyte growth factor
(HGF), insulin-like growth factor (IGF-1), platelet-derived growth factor (PDGF), and
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stromal-derived growth factor (SGF)(165). CBSCs have been found to contain the ability
to differentiate in vitro in co-culture experiments. A small yet significant number of
CBSCs stained positive for αSMA and connexin 43 when co-cultured with neonatal rat
ventricular myocytes(165, 166).

Animal Research Into Myocardial Injury
Given the pressing need for therapies to address the rapidly expanding population
of the world with heart disease, the primary goal of investigating new stem cell types in
cardiac research is to determine if there is potential for translation into a clinical model.
In order to test whether cells can take the improvements seen in vitro beyond the dish and
into people, animal myocardial infarction trials are required.
To test the therapies that laboratories develop for heart failure treatments, in vivo
model systems have been developed in many different animals to mirror some of the
phenotypes of human heart failure. Each animal model comes with its own set of
advantages, however, each also possesses some disadvantages. Although each model may
not be perfect, the advantages of some models lend themselves more to study of therapies
that are intended for either acute MI treatment or long-term heart failure treatment.
The closer an animal’s cardiovascular system is to a human’s cardiovascular
system, the more likely it is that a therapy which is successful in said animal model will
be translational to a human disease model(167). However, an increased similarity
between an animal model and the goal human disease model comes with a slew of
obstacles due to the complexity of the models. It becomes more difficult to obtain and
work with these animals for ethical, financial, and genetic reasons(168). Mice are the
most common animal used in research, largely due to the fact that mice are the most cost31

efficient model, as well as the fact that the mouse genome has been sequenced and is
highly editable(169). The mouse heart is similar to the human heart by shape and
anatomy, many therapies have been attempted in mice, and such therapies have yielded
many successes. That said, although it is a common refrain that anyone can ‘cure cancer’
in a mouse, the jump from mouse to human therapies remains insurmountable(170).
Despite this complicated bridge to translation, mice continue to be the most convenient
and commonly used model system to test early therapies and rule out in-efficacious
treatments.
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CHAPTER 3: A RELIABLE MOUSE SURGICAL
MODEL OF MYOCARDIAL INFARCTION WITH
REPERFUSION INJURY
Introduction
A reliable preclinical animal model for IHD would improve the development of new
therapies. Murine models are routinely used in this regard because they are relatively
inexpensive and genetically manipulatable(171). Myocardial ischemic/reperfusion (I/R) in
mice is induced by the ligation and then reperfusion of the left anterior descending branch
(LAD) of the left coronary artery(172). This model imitates clinical reperfusion therapies
for patients with acute coronary syndrome. Novel treatments, such as gene targeting
therapies and stem cell therapies, have been tested with this preclinical animal model to
investigate the long-term reparative effect of the treatments(173-176). However, the longterm cardiac remodeling and dysfunction is directly related to the initial infarct size, thus,
the demonstration of equivalent initial scar size between groups is critical when defining
the response to a novel treatment(177).

The mouse model of cardiac ischemia reperfusion injury is technically challenging and can
produce inconsistent amounts of injury. There are many reasons why this can occur. Mice
have high heart rates, the heart and its vessels are small and it can be difficult to visualize
the LAD during ligation(178, 179). All of these technical challenges can make the induced
injury variable. In addition, mouse strains have been shown to have high variability in
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regards to their cardiac anatomy, which also increases the likelihood of variability in
surgical outcomes(180). In our experience, even with great care and expertise, there can be
variability in I/R induced cardiac injury. This variability can make the testing of potential
therapeutics challenging, and often requires large sample sizes.

The goal of this study was to determine if we could use Echocardiography (ECHO)
measurements to reliably determine which mice had significant I/R injury. ECHO allows
for measurements of the functional and morphological changes in the heart, and has been
widely used in studies with mouse models of heart diseases. Non-invasive ECHO
measurements allow the consecutive measurement of cardiac function and morphology
after surgery. ECHO measurements at early times post-I/R are a standard approach to
validate the consistency and effectiveness of surgery for permanent LAD occlusion(179).
However, the best time points to validate the initial I/R injury by ECHO have not yet been
determined. In addition, I/R can produce myocardial stunning early after I/R rather than
true tissue death(181). The current study showed that ECHO performed 1-day after I/R
routinely showed depressed function. However, 42-day post-I/R later many animals had
little or no scar. ECHO measurements at 3-day post-surgery showed that depressed cardiac
function at this time period was strongly correlated with I/R induced injury.

Methods

Animals Procedures and Tissue Collection
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All animal procedures were approved by the Temple University School of Medicine
Institutional Animal Care and Use Committee. For animal study, 10-12 weeks old
C57BL/6J mice were used (The Jackson Laboratory; Bar Harbor, ME). 22 mice were
included in this study. We used both sexes of mice, but more females than males. We found
no differences in the percentage of failed I/R in one sex versus the other. Anesthesia in
mice was induced using 2% isoflurane and maintained using 1.5% isoflurane (Butler Shein
Animal Health; Dublin, Ohio) for all procedures. At the assigned date of sacrifice, mice
were anesthetized with inhaled isoflurane and the hearts were surgically removed from the
chest. Heart tissues were carefully trimmed and collected, then rinsed with ice cold PBS.
Heart tissues were weighed after blotting off the excess fluid. Tissues were either snap
frozen in liquid nitrogen or fixed following with paraffin embedding for histology as
previously described(182). For histology, the scar size was analyzed from 4 mice in the
‘Failed I/R’ group and 11 mice from the ‘I/R’ group in Fig1.C.

Ischemia Reperfusion and Vehicle Injection
Mice were anesthetized and intubated, with a ventilation rate of 180-200 breaths per
minute, venting 1.5% of isoflurane in oxygen. Mice were maintained on a warming pad
with temperature around 37℃. Ischemia/reperfusion surgery was performed by temporary
ligation of the left anterior descending coronary artery for 45 minutes following previous
protocol(172, 181, 183). Briefly, an oblique incision was first made at the site 2mm away
from the left sternal border. Then the muscles were carefully excised until the chest cavity
was exposed. A small incision was made to open the chest cavity and the chest retractors
were used to open the incision. The heart was visualized, the pericardium was gently
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excised and the LAD on the surface was carefully located. LAD was ligated with a 6-0 silk
suture at a site about 2mm lower of the left auricle tip, and double knots were tied onto a
piece of PE-10 tubing. After 45 minutes of ligation, the knot was carefully un-tied and the
PE-10 tubing was removed. The color of the myocardium was carefully monitored before
and after reperfusion to ensure the effectiveness of LAD occlusion. Immediately after
reperfusion, room-temperature sterilized PBS was injected intramyocardially into the
infarct border zone in five × 5ul injections.

Echocardiography
Transthoracic echocardiography was performed at the before-surgery timepoint and 1-day,
3-day and 42-day post-I/R surgery using a Vevo2100 ultrasound system with a MS400
transducer (VisualSonics; Toronto, Canada). Mice were anesthetized using 1.5% isoflurane
in oxygen and kept with a supine position. Short-axis (SAX) B mode and M mode images
were acquired at the level of the mid-papillary muscles, and long-axis B mode images were
acquired at the level of the aortic root. SAX M mode images were analyzed by conventional
ECHO analysis (VevoLab v3.2.5) for systolic function and chamber dimensions. Speckletracking based strain analyses were performed on long axis B-mode loops as previously
described(182). In brief, suitable long-axis B-mode loops that give adequate visualization
of the endocardial were selected. Three consecutive cardiac cycles were analyzed with
speckle tracking strain analysis software (VevoLab v3.2.5). Global measurements
including ejection fraction (EF), fractional shortening and global longitudinal strain rate
were averaged over cycles. The myocardium was also divided into 6 segments for regional
analysis, including base-posterior, mid-posterior, apical-posterior, base-anterior, mid-
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anterior and apical-anterior. Myocardium motion and deformation were traced from either
radial axis (perpendicular to the epicardium from the center of the ventricle outwards) or
longitudinal axis (tangential to the pericardium from apex to base). Velocity, displacement,
strain and strain rate of endocardium were reported in a segmental manner, of which
velocity and displacement suggest wall motion, while strain (the fractional change in length
of the segments to original length) and strain rate (rate of change of strain over time)
represent wall deformation. All mice have short-axis (SAX) M-mode images analyzed at
each timepoint to obtain EF. In Fig1.B, 8 mice have Failed I/R and 14 mice have I/R.
Speckle tracking strain analysis was only performed on mice that have high quality longaxis (LAX) B mode loops with adequate visualization of the endocardial surface. Mice
with imperfect LAX images were excluded from STE analysis. Thus, in Fig2, there are 8
mice in the ‘I/R’ group and 10 mice in the ‘Failed I/R’ group. All images were acquired by
the same investigator, all parameters were measured offline by the same investigator.

Statistics
Data are represented as mean±SD. Two-sided testing was used for all statistical tests. A P
value of ≤0.05 was used to determine significance for all statistical tests. The distributions
of all continuous variables were tested for normality assumptions using the D’Agostino &
Pearson Normality test using GraphPad Prism. Comparisons for data with a single
measurement were performed using the unpaired t-test or the Mann-Whitney U-test
depending on the distribution of the data. Comparisons for data with repeated
measurements were performed using repeated measures One-way ANOVA. For
echocardiography parameters with repeated measures, linear mixed-effects models were
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used to determine predicted mean values at each assessment point and to test treatment
group differences. In each linear mixed-effects model, time and group were included as
fixed effects with time-by-treatment group interaction term. The analysis was performed
by Two-way ANOVA, followed by Sidak’s or Tukey’s multiple comparisons test using
the GraphPad Prism software. The linear regression correlation between EF with scar size
or LVEDD was computed by Pearson correlation coefficients. All statistics analysis was
performed with GraphPad Prism (Version 7.0d, GraphPad Inc., La Jolla, CA).

Results

Figure 1: Ejection fraction falls 1-day post-I/R but recovers at 3-day in some animals

A. Study design of mice with 45 minutes of coronary artery ischemic/reperfusion surgery
with PBS injections. Mice also have ECHO performed before (Baseline-BSL) and 1-day,
3-day, 42-day post-I/R. Histology was performed on heart tissues collected at 42-day postI/R. A representative picture of open-chest LAD ligation surgery is provided, which usually

38

leads to a scar formed in the subendocardial layer of LV free wall. B. Same individual
mouse tracing of SAX M-mode ECHO-derived EF obtained at baseline and 1-day, 3-day,
42-day post-surgery, mice were clustered into ‘Failed I/R’ and ‘I/R’ groups based in 3-day
EF (Failed I/R n=8, I/R n=14). C. Scar size determined by Masson’s Trichrome staining
at 42-day post-I/R (Failed I/R n=4, I/R n=11). Data are presented as mean±SD. **p<0.01,
***p<0.005, ****p<0.001.

Ejection fraction falls 1-day post-I/R but recovers at 3-day in some animals
Mice were subjected to 45 minutes I/R (n=22) with PBS injection immediately following
reperfusion to mimic application of therapeutics. ECHO was performed at baseline (before
surgery), 1-day, 3-day and 42-day post-I/R surgery (Fig1.A). Ejection fraction (EF) was
first determined by SAX M-mode images. EF was significantly reduced at 1-day post-I/R
compared with baseline in all animals. However, EF returned toward normal at 3-day postI/R compared with 1-day in some mice (Fig1.B). The EF at 42-day post-I/R was widely
variable with some animals demonstrating normal EF and others with very depressed EF.
Mice that had EF higher than 45% at 3-day post-I/R (‘Failed I/R’ group) had further
improvements in EF at 42-day. Mice with EF lower than 45% at 3-day post-I/R (‘I/R’
group) had an overall trend of decreasing EF values at the terminal timepoint (Fig1.B).
ECHO derived heart rate showed no significant difference at each time point
(Supplementary Figure 1). These results suggest that mice with EF higher than 45% at 3day post-I/R may have had stunned hearts rather than I/R-induced cardiac death, allowing
for eventual recovery of EF. To test this idea, we performed Masson’s Trichrome staining
on heart tissues obtained at 42-day post-I/R and measured scar size. There was an absence
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of actual ischemic injury-initiated scar in mice with Failed I/R, but significant scar mass in
animals with I/R. Scar size was significantly different between mice with Failed I/R vs. I/R
(Fig1.C). It is noteworthy that the ‘I/R’ scar in Fig1.C shows a classical I/R pathology, with
both subendocardial and epicardial sparing. The ‘Failed I/R’ scar in Fig1.C shows a
significant absence of scarring, one possible outcome of failed I/R surgery. Another
potential outcome of failed I/R surgery, which is not illustrated here but is important to
note, is the potential of accidental permanent occlusion of the artery by successful ligation
during surgery, followed by unsuccessful reperfusion due to tearing of the artery upon
placing the suture.

Figure 2: 3-day post-I/R EF foretells cardiac performance at 42-day
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A, B. EF obtained from speckle tracking strain (STE) analysis at different timepoints of
mice from ‘I/R’ group and ‘Failed I/R’ group respectively. C, D. Radial strain of anterior
wall (Base, Mid and Apex) analyzed by STE analysis in the segmental manner of mice
from ‘I/R’ group and ‘Failed I/R’ group. E, F. Longitudinal strain of anterior wall (Base,
Mid and Apex) analyzed by STE analysis in the segmental manner of mice from ‘I/R’
group and ‘Failed I/R’ group. Data are presented as mean±SD. *p<0.05, **p<0.01,
***p<0.005, ****p<0.001.

3-day post-I/R EF predicts cardiac performance at 42-day post-I/R
Mice with Failed I/R and I/R were clustered and evaluated separately. Speckle tracking
strain analysis was further performed with long-axis B-mode loops of animals with
adequate visualization for global measurements of cardiac function. Mice with EF lower
than 45% are the ‘I’R’ group and those with EF higher than 45% are the ‘Failed I/R’ group.
Global EF was acquired by strain analysis. EF in the ‘I/R’ group was significantly reduced
at 1-day post-I/R, remained low at 3-day, and declined further at 42-day post-I/R (Fig2.A).
EF in the ‘Failed I/R’ group also had a significant reduction at 1-day post-I/R, however,
this was followed by a significant restoration in EF at 3-day post-I/R. Their EF values
largely returned to baseline levels at 42-day post-I/R (Fig2.B). The LAD and its branches
mainly supply the left ventricular anterior cardiac wall in mice. Speckle-tracking strain
analysis was used to determine if LAD occlusion impaired the motion of the LV anterior
wall. Regional wall motion and deformation were measured in both radial and longitudinal
axes, which explored the movement of the myocardium perpendicular to the epicardium or
tangential to the pericardium, respectively. Radial and longitudinal strain (the fractional

41

change in length of the segments to original length) of the anterior wall, which included
base, mid and apex sections, were measured. There was a significant reduction of both
radial and longitudinal strain of the anterior wall in ‘I/R’ group at all timepoints post-I/R
(Fig2.C, E). However, in the ‘Failed I/R’ group, the anterior wall radial strain was
significantly reduced at 1-day post-I/R and partially recovered at 3-day post-I/R, and
proceeded to show further improvement at 42-day post-I/R (Fig2.D). Likewise, the anterior
wall longitudinal strain showed no significant restoration at 3-day, yet largely returned to
baseline level at 42-day post-I/R (Fig2.F). This regional strain analysis of the area of the
heart that should have been impacted by ischemic injury suggests a restoration of
myocardium kinetics at 3-day post-I/R.
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Figure 3: Mice with Failed I/R showed minimal myocardium injury of anterior wall

A. Representative images of speckle-tracking movement of the endocardial wall of mice
with Failed I/R at each timepoint. B, C. Representative images of 3-D global LV radial
strain and radial velocity at each time point respectively. X-axis suggest the base of
posterior wall to apex to base of anterior wall. Y-axis suggest contraction (oranges) and
relaxation (blue). Red line suggests the same coordinate value on Y-axis. D. Representative
images of the radial displacement of the endocardium. Colors of each segment of the
myocardium are listed on the lower right panel. E-G. Quantification of the anterior wall
(Base, Mid and Apex) radial strain rate, velocity and displacement of mice with Failed I/R
at different timepoints. Data are presented as mean±SD. *p<0.05, **p<0.01, ***p<0.005,
****p<0.001.
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Mice with Failed I/R showed minimal myocardium injury of anterior wall
LAD ischemic reperfusion injury usually leads to infarction of the mid-layer of the
myocardium (184, 185), which contains horizontally looping fibers that maintain the
cardiac wall motion in the radial axis(186). The kinetic features of the anterior wall on the
radial axis of mice with ‘Failed I/R’ were therefore measured. The motion of the anterior
wall was determined by displacement and velocity, and the deformation was determined
by strain and strain rate. Representative images of speckle-tracking movement of the
endocardial wall were shown at baseline, 1-day, 3-day and 42-day post-I/R from hearts in
the ‘Failed I/R’ group (Fig3.A). We observed overt akinetic anterior wall movement at 1day post-I/R, however, this was largely restored to baseline levels at 3-day and 42-day postI/R. Three-dimensional global LV radial strain and radial velocity during 3 consecutive
cardiac cycles depicts the points along the LV endocardial surface from the base posterior
wall to the apical wall, then to the base of anterior wall by x-axis, with contraction
(orange/positive values) or relaxation (blue/negative values) at each time point by y-axis.
The 3-D global radial strain and velocity suggests a reduction mainly at the anterior wall
at 1-day post-I/R, followed by an overt recovery at 3-day and 42-day post-I/R (Fig3.B, C).
Fig3.D depicts wall displacement by segments indicated by different colors. The anterior
wall at base, middle and apex level of the heart (depicted as blue, yellow and purple curves
respectively) showed overt reduction compared to the posterior wall at 1-day post-I/R,
however, these reductions were largely reversed at later timepoints. Quantification of
anterior wall radial strain rate, velocity and displacement of ‘Failed I/R’ group and ‘I/R’
group are shown in Fig3.E-G and Supplementary Figure 2 respectively. At 1-day post-I/R,
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the anterior wall motion and deformation in the radial axis as determined by strain rate,
velocity and displacement were significantly impaired, however all parameters were
largely restored at day-3 post-I/R and further preserved at day-42 post-I/R in the ‘Failed
I/R’ group. These findings show these mice had significant impairment of anterior wall
function 1-day post-I/R that largely recovered by 3-day post-I/R, suggesting that these
hearts were temporarily stunned by the surgery, but the affected tissue recovered normal
function.

Figure 4: Ejection Fraction at 3-day post-I/R correlates with myocardial injury

A. Linear regression of EF obtained at day-1 post-I/R and scar size determined by histology
42-day post-I/R (n=15). B. Linear regression of EF obtained at 3-day post-I/R and scar size
determined by histology at 42-day post-I/R (n=15). C. Linear regression of EF obtained at
1-day post-I/R and ECHO-derived LV end-diastolic volume (LVEDV) 42-day post-I/R
(n=18). D. Linear regression of EF obtained at Day3 post-I/R and LVEDV 42-day post-I/R
(n=18).
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Ejection Fraction at 3-day post-I/R correlates with myocardial injury
Ischemic injury for a length of time sufficient to induce myocyte death will lead to cardiac
remodeling, including both scar formation and chamber dilation. In order to establish
standardized criteria for the evaluation of initial I/R injury, we analyzed the correlation of
EF acquired at 1-day and 3-day time points post-I/R with the scar size and left ventricular
end-diastolic volume (LVEDV) determined at 42-day post-I/R. Scar size was determined
by histology with Masson’s Trichrome staining. LVEDV was determined with
conventional ECHO analysis from short-axis M-mode images. EF acquired at day-1 postI/R had no significant correlation with terminal scar size (r=-0.1743, p=0.5343) (Fig4.A),
while EF acquired at 3-day post-I/R has a significantly negative correlation with terminal
scar size (r=-0.7699, p=0.0008) (Fig4.B). Meanwhile, EF acquired at day-1 post-I/R
showed no significant correlation with terminal LVEDV (r=-0.03468, p=0.8913) (Fig4.C),
while EF at 3-day post-I/R also showed a significant correlation with terminal LVEDV
(r=-0.5651, p=0.0145) (Fig4.D). These findings suggest ECHO-generated EF acquired at
3-day post-I/R surgery is more predictive of ischemia reperfusion induced cardiac injury.

Timeline of Exclusion Points Following I/R Surgery

46

Figure 5: Timeline of Exclusion Points Following I/R Surgery

Our study suggests EF obtained at 3-day post-I/R by ECHO is a proper standard for earlydetection of mice with failed I/R injury. ECHO performed at the terminal point (long-term
post-I/R) and scar size determined by histology should also be standards for excluding mice
that have failed I/R outcomes.

We have summarized our process for evaluating when to exclude mice throughout a postI/R study in Figure 5. We outline the process of post-IR serial ECHO and indicate that 3day post-I/R ECHO should be used to evaluate which mice did not receive significant
injury and should be excluded from further study. Mice should be excluded if 3-day postI/R EF is higher than 45%, which is the lowest ECHO derived EF we observed at baseline
in healthy mice. We also indicate that at the terminal point, scar size must be evaluated in
order to determine which mice have the correct I/R scar size and morphology, indicating
successful surgery at the I/R timepoint. A scar size of lower than a certain threshold (for
example 20%) at sacrifice would indicate that the mice should be excluded. Ideally, a
correlation should be evident between the 3-day post-I/R ECHO where mice have high EF
and are found to also have low scar size at the terminal point. These evidence together
should indicate which mice received damaging I/R surgery. In evaluating therapies, it is
important to note the time course of changes in ejection fraction. Our previous work (187)
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and publications from other groups (188-190) have shown that functional improvements
as a result of therapeutic intervention are not evident from echocardiography until later
timepoints. Our data suggest that the 3-day post-I/R timepoint will allow for strong
indication of cardiac damage from I/R surgery that is not likely to be obscured by potential
improvements in cardiac function due to any tested therapeutics.

Discussion
Ischemic heart diseases (IHD) remain the leading cause of death in Western society. There
have been significant efforts towards developing new therapies that potentially promote
cardiac repair after ischemic injury in animal studies and in clinical trials, including cell
therapy, cell-free exosome therapy and gene therapies(143, 191-193). However, most
therapies have shown modest improvements and more effective therapies are still
needed(192-194). Development of these novel therapies requires model systems that yield
reliable results.

Murine models of cardiovascular disease phenotypes have been widely used in preclinical
research for therapies for I/R injury. The methodology of initiating cardiac I/R injury has
been well established(181, 183). However, the severity of tissue damage can vary widely
depending on the location and duration of occlusion(181). Even with careful measures to
produce reliable cardiac I/R models, there are substantial post-surgery variations in induced
injury(195). Inevitable technical differences in approach including surgical techniques,
postoperative care protocols, the amount and type of inhalation anesthesia, and variation
in mouse coronary artery anatomy likely contribute to these variations (172, 196, 197).
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I/R can produce myocardial stunning rather than myocardial infarction under certain
conditions. Myocardial stunning is defined as a transient reduction of cardiac function
caused by a reversible ischemic injury(198, 199). This effect has been reported in animal
models of acute ischemic/reperfusion, which showed a reduction of regional myocardial
abnormality that temporarily persists(200). This ‘stunning’ phenomenon has also been
observed in human patients(187, 201). Although the mechanisms remain poorly
understood, the temporary cardiac dysfunction is not correlated with the histological
integrity and an absence of myocyte death(202). In studies designed to test novel therapies
for post-I/R myocyte death, the presence of animals with stunned hearts (that recover
spontaneously) make the determination of therapeutic effectiveness challenging.

The present study explored the idea that stunned versus permanently injured (with cell
death) hearts can be distinguished so that only hearts with cell death are used in studies to
test possible therapies. The present study observed that all animals with I/R surgery had
significant depression of EF at 1-day post-I/R. However, some animals showed
significantly improved EF by 3-day post-I/R. Subsequent studies at the terminal timepoint
showed that histological integrity in mice with improved 3-day post-I/R EF, which we have
termed “Failed I/R”, was largely preserved, suggesting that these hearts were stunned,
rather than having the intended ischemia-reperfusion injury.

Speckle tracking (STE) strain analysis was also used in the present study because it can
more reliably detect cardiac abnormalities and predict prognosis than conventional
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ECHO(203, 204). This evaluation of myocardial performance by STE strain analysis
showed that mice have an overt reduction in myocardial performance of specific LADsupplied segments at 1-day post-I/R. However, myocardial performance as assessed by
strain analysis started to recover by 3-day post-I/R and was almost fully recovered by 42day post-I/R in some animals. These findings suggest that some I/R hearts experienced
myocardium stunning rather than the intended myocardial infarction.

The development of suitable exclusion criteria that identify hearts that experienced true I/R
injury rather than stunning would improve the reproducibility and reliability of studies
designed to explore mechanisms of I/R injury and test therapies to mitigate this injury.
Based on the current study, we’ve outlined the process of evaluating I/R surgery efficacy
at both early- and later-timepoints in Fig. 5, with non-invasive ECHO assessment and
histology determined scar size. The current study used ECHO for repeated, non-invasive
assessment of cardiac structure and function over the course of the 42-day experiment. Our
data shows that EF obtained at 1-day post-I/R is uniformly depressed and does not correlate
with the infarct size at 42-day. EF recovered in some animals by 3-day post-I/R and 3-day
ECHO data was significantly correlated with histologically determined scar size. The
majority of mice with an EF greater than 45% at 3-day post-I/R (‘Failed I/R’ group) showed
much smaller scar sizes and smaller LVEDV at 42-day post-I/R than did the mice with EFs
lower than 45% (‘I/R’ group) at 3-day post-I/R. Thus, we consider EF acquired by 3-day
ECHO together with scar size determined by histology and ECHO derived EF at end
timepoint could act as standards for the identification of I/R surgery failure.
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It is important to note that studies intended to focus on cardioprotective therapies may need
to adapt the protocol we have outlined in this study. There may be a difficulty
differentiating between failure in surgery and treatment success at early timepoints when a
potentially cardioprotective therapy is under study. Indeed, Li et al found in investigating
a cardioprotective agent that at 24 hours post-MI there was significant recovery in EF
within the treated mice (205). We would thus recommend that for studies investigating
such therapies, a small un-blinded cohort of vehicle treated mice have ECHO performed at
3-day post-I/R. This could offer some insight into the failure rate of surgery, which could
then be extrapolated to the treatment groups.

In summary, the current study shows that EF at 1-day and 3-day post-I/R I/R surgery can
identify hearts with stunned myocardium versus those with permanent injury. There is a
limitation in using 1-day ECHO for exclusion criteria, as these ECHOs have shown
insufficient capability to differentiate between stunning- or infarct-induced functional
suppression. 3-day ECHO does not share this limitation. Using this approach will allow
studies to be performed on animals with I/R-induced tissue death. Excluding animals with
temporarily stunned hearts should increase consistency in studies designed to test therapies
to improve cardiac structure and function after myocardial infarction.
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CHAPTER 4: CORTICAL BONE STEM CELL
RESEARCH IN THE HOUSER LABORATORY
CBSCs In Animal Models

Permanent Myocardial Infarction: Mouse Model
The effect of CBSC injection into the post-MI environment has been investigated
extensively in both murine and porcine models. In accordance with the level of
translation ability, this work first discusses the studies performed in mice before then
elaborating upon the results seen in pig MIs with reperfusion injury.
For the foundational mouse MI studies using CBSCs, 12-week-old male C57B/L6
mice were used. A permanent MI was performed by tying a ligature around the left
coronary artery. Immediately following initiation of the infarction, mice received an
injection of either 40,000 CBSCs, cardiac-derived cells (CDCs), or saline (as the vehicle
treatment) intramyocardially into the infarct border zone. Mice were followed out from
their surgery for 6 weeks. Survival data was analyzed by using Kaplan-Meier regression,
showing that mice treated with CBSCs had a 6-week survival rate of 76.5%, as compared
to the CDC-treated mice with 66.4% and the vehicle-treated mice at 50.4%. Furthermore,
serial short axis echo was performed at 1-week intervals following the MIs. The serial
echo showed that CBSC-treated mice had the least amount of left ventricular dilation
compared to the other treatment groups. CBSC-treated mice also had more significant
improvements in both ejection fraction and fractional shortening than did either of the
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treatment groups at 6 weeks. Strain analysis was also performed from long-axis
echocardiography. These analyses showed similar improvements in strain rates in the
CBSC-treated mice. CDC-treated mice did show some improvements in wall motion and
strain at the border zone; however, CBSC-treated animals had significant return of wall
function at the injection sites, even in comparison with the CDC-treated animals(206).
In terms of the mechanism for how CBSCs caused change in the infarcted mouse
hearts, the injection sites of the CBSC were isolated at 24 hours after MI and stained to
see which types of paracrine factors the CBSCs may have been secreting after
transplantation via engraftment. CBSC-treated animals stained positive for the proteins
bFGF and VEGF. In order to determine how long the injected cells would survive and
continue to secrete potentially reparative factors, CBSC-treated hearts were removed and
stained at 1 week intervals after MI. Surprisingly, VEGF expression continued to be
detectable in the CBSC injection sites for up to 2 weeks following the injection.
The Houser laboratory investigated whether the pro-angiogenic signals secreted
by the CBSCs in tissue had an effect on the level of vascularization by staining for VWF,
implying that there was increased neovascularization as a result of CBSC treatment(165,
206). It is possible that this increased angiogenesis and subsequent increased blood
supply to the injured myocardium could be a partial reason as to why the CBSC-treated
animals show improvements in cardiac function.
The mouse model provides many benefits such as: being cost effective, offering
the ability to perform large study sizes, and being genetically manipulatable. Given that
swine cardiovascular anatomy is extremely similar to human anatomy, it provides the
opportunity and treatment of being able to transplant an aorta from a pig to a human as a
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viable option for aortic valve replacement(207, 208). However, the pig model is costly
and a complex species with which to work. In light of the similarities between the two
species’ cardiovascular systems, therapies for cardiac diseases that show success in pigs
are much more likely to be effective in human patients. Due to this, the pig model has
been utilized to test several heart failure and acute MI therapies before they proceeded to
human clinical trials (209-211). Although porcine model studies contain a smaller cohort
size compared to murine model studies, when the porcine study is carefully designed to
best exploit the model system, it can reveal a great deal about how a therapy will alter
cardiac remodeling in humans.

Myocardial Infarction With Reperfusion Injury: Pig Model
Following the studies in a permanent myocardial infarction mouse model, the next
step was to test the effect of cortical bone stem cells in a more clinically relevant model
of myocardial injury. When humans are experiencing an MI, one of the first actions by
medical professionals is to attempt to rescue the cardiac tissue by reperfusion to the area
that has lost blood supply via coronary angioplasty(212). This reperfusion step does in
fact cause its own complex injury phenotype, but is still preferable over permanent
occlusion for the study of a translatable post-MI therapy(213). In order to test whether
CBSCs would most likely be effective in human trials, the Houser laboratory tested the
effect of CBSCs when administered in pigs following a MI with reperfusion injury(214).
The timing of injection of cardiac therapy is a point of contention within the
cardiac research field(215-218). Some laboratories attempt to combat the progression of
scar tissue by waiting until cardiac scar has formed and then injecting therapy(219). The
mentality regarding the most likely time for injected therapies to be effective in the
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Houser laboratory has been to inject therapy as soon as possible following the injury. The
reasoning behind this timing is that it has been proven to be very difficult to reverse the
production and deposition of collagen within scar tissue(220-222). Due to this, the
Houser laboratory believe that the most likely time of an effective therapeutic treatment
is before myocytes have apoptosed and been replaced with fibroblasts. Time and more
research will tell whether this injection timing is the most efficacious use of CBSCs as a
post-MI treatment.
In the United States, the average time for a person to go from the initiation of a
heart attack to reaching the catheter lab within a hospital and having their vessel
reopened, initiating reperfusion injury, is approximately 90 minutes (223). In order to
create a translatable study, the animal model should mimic similar events to which a
human would endure. Thus, it was imperative to have the same occlusion time that
humans endure, therefore, the pigs underwent a 90 minute occlusion of the LAD with a
coronary balloon catheter, and then allow for reperfusion injury to begin. Immediately
following reperfusion and mapping of the pig heart, 2,000,000 pig cortical bone stem
cells or a saline (vehicle) therapy were injected into the border zone of the infarcted
region. 5-ethynyl-2’-deoxyuridine (EdU) (a cellular dye that is incorporated into DNA
upon de novo synthesis) minipumps were implanted into the pigs following surgery in
order to track cell proliferation in the post-infarcted heart(214).
The pigs were assessed via echocardiography at both 72 hours and 3 months postMI/R. At 72 hours following MI/R, the retention of the CBSCs in the cardiac tissue were
assessed, as well as the level of the infarction injury. At 3 months, the differences in
cardiac remodeling were evaluated via serial echocardiography and invasive
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hemodynamics. In the 3 month pig study the level of angiogenesis and cardiac
hypertrophy were measured(214).
In the 72 hour study, there was no significant difference in terms of the injury
level via assessment of troponin levels in the circulating blood (cTnI). Troponins are
diagnostic indicators of levels of cardiac injury, as the levels rise in correlation with the
amount of damage occurring within the heart. A Terminal Deoxynucleotidyl Transferast
dTUP Nick End Labeling (TUNEL) assay was performed in order to ascertain the
amount of DNA fragmentation occurring, as TUNEL staining labels the end of any
double-stranded breaks in DNA that occur during apoptosis. There was a significant
decrease in TUNEL positive non myocyte cells within the CBSC-treated pigs, but not see
a significant difference in TUNEL positive myocytes between groups. When assessing
cardiac function via echocardiography, there was no differences in volume or cardiac
structure changes at 72 hours, which is expected given the extremely acute time period.
However, there was some preservation in the global longitudinal strain in CBSC treated
animals as opposed to the vehicle treated pigs. Triphenyltetrazolium chloride (TTC)
staining was utilized in order to quantitate the amount of living and dead tissue within the
damaged hearts. When the TTC dye enters tissue that is living, the tissue contains
enzymes that reduce the TTC to a red color. Dead tissue does not contain the necessary
enzyme to alter the dye’s structure, so dead tissue will remain blanched and pale. When
TTC staining was performed at 72 hours, there was no significant difference in the level
of the necrotic tissue between the CBSC and vehicle-treated animals, indicating that in
the pig model, the CBSCs do not provide cardioprotection. In terms of cell retention, the
CBSCs were still present within the tissue at 72 hrs post-MI/R. The CBSC cells found
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within the tissue were also EdU+, indicating that they were proliferating and surviving
within the tissue(214).
The 3 month study of CBSC therapy within the pigs post-MI/R sought to discover
whether the CBSC treatment significantly altered cardiac remodeling, reducing the
severity of the likely heart failure phenotype. To determine whether cardiac structure and
function was retained or slightly rescued by CBSC treatment serial echocardiography was
performed on the animals. By nearly all echocardiographic measurements, CBSC-treated
animals showed a reduction in left ventricular structural remodeling, and a preservation
of cardiac functions post MI/R when compared to the vehicle-treated animals. Left
ventricular ejection fraction (LVEF) was improved in CBSC-treated animals to a
significant degree by 3 months post injury, as were left ventricular end systolic and
diastolic volumes. There was a reduction in wall thinning in the CBSC animals as
compared to vehicle-treated animals(214).
At the time of sacrifice, invasive hemodynamics were performed within the pigs,
in order to measure the level of cardiac reserve remaining within the previously infarcted
hearts. The hemodynamic measurements indicated that the CBSC-treated pigs had
reduced chamber dilation and preserved LVEF. When injected with dobutamine in order
to mimic a stress response, CBSC-treated hearts showed an increased contractile reserve
as compared to vehicle treated animals, implying a retention in cardiac systolic
contractile properties(214).
Following the sacrifice of the 3-month study the hearts of the pigs were assessed
to see the ex vivo effects of CBSCs on the cardiac tissue. When stained for scar size, there
was a significant reduction in scar size of the CBSC-treated hearts. It was observed that
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the vehicle-treated animals had larger myocyte cross-sectional areas than did the CBSCtreated animals, implying that CBSC treatment had led to a reduction in ventricular
hypertrophy. The results of the TUNEL staining showed a reduction in TUNEL positive
myocytes and non-myocytes in CBSC-treated animals versus the vehicle-treated animals.
An investigation of the number of EdU+ myocytes in the remote, border, and infarct
zones of the heart was performed and there was a significant increase in the number of
EdU+ myocytes in the border zones of the heart, which was the area that received the
direct injection of CBSCs immediately following reperfusion injury. In order to gain
some insight into the angiogenesis occurring in the respective treatment groups, the
hearts were stained for VWF and αSMA. This staining of VWF and αSMA revealed that
in the infarct zone, the CBSC-treated animals had increased angiogenesis(214).
Overall, both the mouse and the pig studies investigating the effect of CBSC
treatment in the post-MI environment revealed that CBSCs have significant proreparative effects in the cardiac injury context(164, 214). The main takeaways regarding
their efficacy are the significant preservations in cardiac function, the reduction in scar
size, and the reduction in hypertrophy in a long term model. All of these findings support
the idea that CBSC treatment may limit the progression of post-myocardial infarction
patients into heart failure. However, the mechanism for how these therapeutic changes
are occurring remains a mystery. Ultimately, the question remains how exactly the
CBSCs confer these reparative properties into the recipient cardiac tissue, given that the
previous cardiac studies of CBSCs as post-MI and post-I/R therapies did not show
cardioprotection.
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CHAPTER 5: EXOSOMES AS PARACRINE
FACTORS
It has been shown that a mechanism by which stem cells orchestrate their
protective effects is through the release of extracellular vesicles known as exosomes.
These vesicles contain a complex range of paracrine factors including mRNA, miRNA,
proteins, and many anti-apoptotic and pro-angiogenic cellular factors(128, 224). This
provides a new therapeutic avenue by which we can attempt to treat heart disease.

Characteristics
There are three main categories of extracellular vesicles: apoptotic bodies,
microvesicles, and exosomes (225). The categories are defined based on both the size of
the vesicle and mechanism of cellular release. Apoptotic bodies are 500 nm–2 µm in size
and are released directly from the plasma membrane(226, 227). Microvesicles are 100–
500 nm and are also released directly from the plasma membrane(226).
Exosomes are small extracellular membrane vesicles between 30-150nM in size
which have recently risen to the forefront of investigative research(228, 229). Exosomes
were first observed in the 1990s floating in blood plasma (230, 231). Exosomes have
since been found to be secreted by all cells and are used extensively for cell to cell
communication. Given their origin as internal MVBs and release from the plasma
membrane, exosomes were initially believed to be a method for how cells disposed of
cellular garbage(232). This idea has continued to be developed and partially supported by
recent papers indicating that exosomes may be involved in reducing waste and
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maintaining homeostasis (233). Other hypotheses for potential cellular purposes of
exosomes point to the strong tumor-related angiogenic properties of some exosomes
investigated in cancer(234, 235).
Exosomes have recently been discovered to contain a complex packaging system
containing mRNA, miRNA, proteins, and many anti-apoptotic and pro-angiogenic
cellular factors(224). As such, exosomes are a likely method for how stem cells may
transfer cellular signals in a paracrine signaling fashion to the surrounding tissue(236).
In order to elaborate upon the uses of exosomes in therapeutic contexts, it is
necessary to first expound upon the mechanisms behind both the trafficking and signaling
function of these vesicles.

Biogenesis
There are several crucial steps involved with the biogenesis of exosomes.
Namely, the first key step in the process involves the internal formation of intraluminal
vesicles (ILVs) within multivesicular bodies. The second key step is the MVBs
containing ILVs trafficking to the plasma membrane, with the third key step being
successful fusion with the plasma membrane(237).

Intraluminal Vesicle Formation
The formation of MVBs comes about as a part of the natural maturation of
endosomes. Endosomal sorting complex required for transport (ESCRT) machinery is
involved with the invagination of the endosomal membrane, allowing for the generation
of intraluminal vesicles(238). ESCRT machinery contains 4 different protein complexes
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(ECRT-0, ESCRT-1, ESCRT-2, ESCRT-3, as well as an additional component protein
called Vps4-Vta1)(239). ESCRT’s involvement in exosome secretion has been tested by
careful depletion of different proteins involved in ESCRT structure. In particular,
depletion of proteins Hepatocyte growth factor regulated tyrosine kinase substrate (Hrs)
and tumor susceptibility gene (TSG101), which are both components of ESCRT-0, led to
a reduction in exosome secretion(240, 241). Knockdown of ESCRT-I protein signal
transducing adaptor molecule (STAM1) also reduced exosome secretion. Interestingly,
reducing the protein levels of ESCRT-III increased exosome secretion. In particular,
knockdown of the protein ALG-2 interacting protein X (ALIX), which is involved in
ESCRT-III, appeared to alter not the secretion levels of exosomes but instead the protein
composition of the assembled exosomes, implying ESCRT-III is involved with exosome
protein cargo loading(242).
Alternate Vesicle Formation Pathway
While ESCRT’s seem to be strongly implicated in the biogenesis and sorting of
MVBs, it appears that there may be another pathway through which exosomes are
created. This is likely given that even in the case of the knockdown of all 4 subunits of
ESCRT complexes, there is still successful formation of intraluminal vesicles in
multivesicular bodies(243). It appears that tetraspanins, which are proteins that contain
membrane-spanning domains, are involved in exosome release in a fashion that is
independent of the ESCRT machinery(243, 244). In particular, the tetraspanins CD9,
CD82, and CD63 have all been shown to be involved with exosome release, as
knockdown of these three tetraspanins leads to a reduction in exosome secretion(226).
Although the tetraspanin-dependent exosome biogenesis pathway appears to be ESCRT-
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independent, it is still possible that the pathways may work in a collaborative manner, in
which the loss of one pathway could lead to different packaging of exosome contents.
Although progress has been made, more work remains to be done to conclude fully how
these two biogenesis pathways are interrelated.

Trafficking To The Membrane
Following the formation of the MVB by the late endosome and the invagination
of the intraluminal vesicles, the next step for exosome biogenesis is for the MVBs to be
trafficked to the plasma membrane of the cell so that the two respective membranes may
fuse and the exosomes may be released(245). There are two potential destinations for
MVBs formed within the cell: either they will be transported to lysosome and subsumed,
or instead they are trafficked to the plasma membrane to release their exosome content.
To better understand the cellular signals that control the fate determination of MVBs,
Beltri et al investigated posttranslational modifications related to this sorting(246). They
identified a novel ubiquitin-like (UBL) protein, interferon-α/beta-induced UBL (ISG15),
which was found to be involved with inhibiting exosome secretion by inducing protein
ISGylation. ISGylation is the blockage of the entry or release of intracellular
components(247). They found that the ISGylation of a particular tetraspanin (TSG101)
involved with exosome secretion would instead direct the ISGylated-MVB to a lysosomal
destination, resulting in lysosome degradation of the MVB’s contents(246). In the
absence of ISGylation, MVBs are able to be transported to the plasma membrane through
several interrelated mechanisms.
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Fusion With The Membrane
This translocation of MVBs to the plasma membrane is highly dependent on the
interaction between MVBs and actin and microtubules(241). A familiar cellular player,
deeply intertwined with vesicle transport, which has been implicated as a key component
in vesicle trafficking, is the Rab GTPase protein(248). Recently, Rab GTPases have been
investigated in order to further the understanding of their involvement with exosome
secretion. The knockdown of several Rab GTPases, including Rab2b, Rab5a, Rab7,
Rab9a, Rab11, Rab27a, and Rab35, has been shown to reduce exosome release(249,
250). Given Rab GTPases’ previously known roles as pivotal negotiators of the switch
between active and inactive states of membrane trafficking, the uncovering of their
involvement with exosome biogenesis is unsurprising(251).
Beyond the involvement of Rab GTPases, the fusion of the MVB with a cell’s
plasma membrane involves a significant amount of energy exchange and
consumption(252). Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNARE) proteins have been found to reduce the energy barrier of membrane
fusion(253). SNARES have been found to mediate exosome release through membrane
tethering and fusion(254). In particular, R-SNARE vesicle-associated membrane protein
7 (VAMP7) has been found to be required for exosome release (235). YKT6 is another
SNARE protein that has been implicated in exosome membrane fusion. It was
demonstrated in two different papers that the knockdown of YKT6 reduced exosome
release(255, 256).
Exosomes are unique in that they are initially contained within late
endosomes/multivesicular bodies (MVBs), and are termed exosomes only after the fusion

63

of MVBs to the plasma membrane(236).Having summarized the vesicle formation,
trafficking, and fusion of exosomes with the cell membrane, the next step in the process
of exosome signaling is the delivery of their cargo to recipient cells.

Cargo Delivery
Upon reaching a recipient cell, there are three methods through which an exosome
can deliver its cargo. In short, they are: one, adhesion to the target cell through integrin
mediators, two, cell surface receptor ligand interaction, and the third being internalization
of the exosome and/or its contents by endocytosis(257). Each of these potential delivery
methods will be explored in some detail, as the differing options all present different
methods for how exosomes can be potentially therapeutic delivery systems in the context
of post-myocardial infarction treatments.
The first option for how exosomes may deliver their cargo to target cells is
through adhesion via integrin proteins leading to fusion with the target cell(258). This
fusion appears to be mediated by the tetraspanins embedded within the exosome
membrane interacting with integrins, in particular the CD37, CD63, and CD82
tetraspanins(259). These tetraspanins have been seen to organize the adhesion and the
orientation of cell surface proteins, leading to higher rates of adhesion and or fusion with
integrins located on the surface of target cells. Interestingly, exosome ‘fusion’ with target
cells can take two different pathways, one being a full fusion with the membrane within
the membrane of the target cell, forming a new structure that essentially ends the
existence of the exosome. There is also another option referred to as hemifusion, in which
the exosome membrane fuses, deposits the internal contents, and then disconnects again
to float away as a still-intact structure(257).
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The second method through which exosomes deliver their cargo is through
receptor-ligand interactions. In particular, exosomes have been shown to present antigens
which allow the exosomes to target their cargo to cells with the appropriate complement
receptors(260). The third way exosomes have been shown to transfer their cargo is
through actual internalization endocytosis(261). Endocytosis is the process of
internalization of external cellular components via the membrane surrounding the
component and forming an internal vesicle(262). For instance, dendritic cells have been
seen to internalize exosomes and take up their miRNA contents, leading to signaling
changes within the dendritic cells themselves(263).
In order to gain access to exosomes and their respective cargo, as well as to take
advantage of the potential therapeutic signaling benefits of exosomes, it is necessary to
isolate them from the solutions in which they are secreted.

Isolation Methods

Ultracentrifugation
There are several different methods for exosome isolation, with each method
possessing pros and cons. The “gold standard” isolation method, considered as such
because it produces the highest purity of exosomes available, involves multiple ultracentrifugations of fluid containing exosomes at speeds up to 100,000xg (264). First, the
initial ultracentrifugation is performed at 20,000xg. This initial ultracentrifugation step
removes dead cells and other aggregated large extracellular vesicles. Second, the
supernatant is removed and then layered upon a sucrose solution. Third, this layered
solution is then re-ultracentrifuged at 100,000xg. Fourth, this re-ultracentrifugation pulls
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the exosomes down into a specific layer based on their density of 1.08-1.113g/mL(265).
Fifth, the supernatant above this visible layer is removed and replaced with an equivalent
volume of PBS. Sixth, the solution is then mixed and re-ultracentrifuged one last time in
order to precipitate the exosomes out as a pellet. The quantity and quality of the
exosomes can then be analyzed by quantifying protein through a Bradford Concentration
Assay (BCA) as well as through the use of a Nanosight to gather insight on the size and
concentration of the extracellular vesicles(266, 267). This ultracentrifugation isolation
method has the benefit of isolating a very pure concentration of exosomes but has the
drawback of taking several hours and having relatively low yields of exosomes compared
to other isolation methods(264, 265).

Affinity Precipitation
An alternative method of exosome isolation is the use of precipitation solutions
which are proprietary mixes of nanomaterials which pull exosomes out of solution based
on affinity(268). Some examples of these precipitation solutions are ExoQuick and Total
Exosome Isolation (TEI), both of which involve combining the solution with the
exosome-containing solution at a one-to-one volume and incubating at 4C overnight.
Following this incubation, the mixture is centrifuged at a much lower speed than
ultracentrifugation, only around 1,500-2,000xg for 15-30 minutes. This isolation method
has the advantage of being much less labor intensive and involving lower loss of
exosome product. However, this method of exosome isolation can pull not just exosomes
but also larger extracellular vesicles out of solution(268, 269). Hence, for this reason that
the exosome isolations undertaken in this work were performed through
ultracentrifugation rather than through precipitation solutions.
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The Signaling Role Of Exosomes
Exosomes have been investigated in a clinical sense in terms of their potential as
both biomarkers and as delivery systems for therapeutics. Exosomes have been found to
be either protective or detrimental depending on the cellular environment influencing the
cells that generate the exosomes(244, 270). In particular, exosomes derived from stem
cells have become a field of focused interest in recent years. The lead question facing the
exosome research field has been whether exosomes from stem cells will be able to
recapitulate the same reparative effects as stem cells, while also avoiding the problems
that have ensnared stem cell research, specifically the problem of how stem cells provoke
an immune response and sometimes result in tumor formation(224).
In a cardiac context, exosomes have been found to be involved in atherosclerosis
protection, I/R protection, endothelial cell dysfunction, angiogenesis, and thrombosis.
Exosomes have been investigated in the specific sense of cardiovascular disease by a few
laboratories in particular. Gallet et al. studied the effect of cardiosphere-derived-cellsecreted exosomes in a porcine model of MI(271). They found that these exosomes
decreased fibrosis, reduced adverse cardiac remodeling, and attenuated the reduction of
LVEF in both an acute and chronic post-MI environment. Kishore et al. studied mouse
ESC-derived exosomes and found that the delivery of these exosomes immediately postMI improved ejection fraction as compared to vehicle-treated controls(190).
Additionally, they found that there was a decreased infarct size in the exosome-treated
mice, as well as no tumor formation following administration of the exosomes. These
findings encourage the conclusion that exosomes are capable of recapitulating the effects
of their parent stem cells without provoking the same kind of adverse immune response.
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In order to understand the signaling role of exosomes, it is necessary to discuss
the contents of exosomes which are most often involved in altering the signaling within
the target cell. Exosomes contain protein, RNA, and DNA. Of their contents, the
microRNA (miRNA) has been most often implicated in the signaling role of
exosomes(272, 273). A point of great discourse within this complex topic of research is
the mechanism of loading of exosome cargo. This is due to the fact that exosomes can be
loaded with a wide variation of content which can be either pro- or anti-inflammatory as
well as pro- or anti-angiogenic depending on the microenvironment surrounding the cell
that generated the exosomes(261). Proteins and miRNA are some of the more populous
members of the content of exosomes. It has been shown that miRNA and mRNA within
exosomes is different from the parent cells which generated them (273). Given the
recently discovered role of mRNA and miRNA as strong regulatory elements in
signaling, the sorting of exosome miRNA is worthy of some discussion. It appears that
the miRNA that is sorted into exosomes are governed by some preferential mechanism,
as it has been shown that not all miRNAs are equally deposited into exosomes(274).
In recent years, miRNA have emerged as crucial mediators of exosome signaling
effects regarding gene regulation(275). miRNA are very small noncoding RNA
molecules, approximately 22 nucleotides in length. They are specifically involved in
post-translational modifications of gene expression(276). miRNA function by binding to
a corresponding mRNA, and in doing so, de-activate the function of their target
mRNA(277). Let us first discuss how miRNA are produced. They begin existence as
primary miRNA, and are transcribed from the RNA by promoters(276). They are
transcribed under the oversight of RNA-polymerase II and transcription factors. The
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primary transcript pri-miRMA are then processed by a microprocessor into pre-miRNA
via Drosha cleavage. Following cleavage, the pre-miRNA are trafficked from the nucleus
to the cytoplasm and then processed by an RNAse III enzyme called Dicer into
microRNA. These microRNA are double-stranded initially but are further unwound into a
single strand by Dicer, which can then be incorporated into RNA-induced silencing
complex (RISC). miRNA can then guide the RISC complex to the target mRNA, leading
to either the degradation of the target mRNA or the repression of the translation of the
target mRNA(278). Both of these methods lead to post-transcriptional repression of the
downstream gene expression.
miRNA have been targeted as a way to alter fibrosis. miRNA, which has been
previously discussed, can regulate protein translation and function by binding to mRNA.
Specifically, certain miRNA have been found to bind to mRNAs in such a way that
cardiac fibrosis is changed following their binding(118). miRNA-15 (miR-15) has been
found to be upregulated in the post-IR heart, leading to increased apoptosis in both
cardiomyocytes and cardiac fibroblasts(279). miR-29 has been shown to be involved with
targeting collagens, in such a way that ECM deposition is promoted following MI(280).
miR-101a and miR101b have both been found to decrease collagen production by cardiac
fibroblasts (281, 282). miR-105 has been found to suppress necrotic and apoptotic cell
death processes in the post-MI heart (96). miR21 and miR-146a have both been shown to
lower the rate of apoptosis in the post-MI heart (283). When miR-133 was
downregulated, it was been shown to cause heart failure and to encourage excessive
fibrosis (284). miR-894 has been found to alter signaling related to necrosis and MI,
leading to reduced necrosis and fibrosis (96).
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These in-depth experiments seek to investigate the effect of exosomes derived
from a novel stem cell type on cardiac fibrosis, in particular the alteration of fibrosis due
to miRNA and mRNA signaling within human cardiac fibroblasts. In order to examine
the effect of the signaling of cortical bone-stem cell derived exosomes, a specific focus
on the effect of the miRNA and other small RNA contents of these exosomes on fibrosis.
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CHAPTER 6: CORTICAL BONE STEM CELLDERIVED EXOSOMES’ THERAPEUTIC EFFECT
ON MYOCARDIAL ISCHEMIA REPERFUSION
AND CARDIAC REMODELING
Introduction
As of 2019, cardiovascular disease (CVD) is the largest contributor to mortality in the
United States1. The CVD umbrella contains numerous diseases such as hypertension,
coronary artery disease (CAD), myocardial infarction (MI), and congenital heart failure
(CHF), which culminate in a decline in heart function leading to heart failure (HF)(30).

Myocardial infarctions (MI) occur when blood flow is blocked within one of the vessels
that would otherwise supply cellular nutrients to the heart, causing a cascade of tissue
death downstream of the occluded area, resulting in an infarcted region of cardiac
tissue(74). In a clinical setting, to rescue a patient undergoing an MI, clinicians open the
occlusion to reperfuse the oxygen-starved downstream tissue(103). While this rescues
portions of the damaged heart, reperfusion leads to a separate disease phenotype called
ischemia reperfusion injury (I/R), which causes myocyte death by both necrosis and
apoptosis(39). With or without reperfusion, the post-MI wound healing process is
complex, ultimately leading to the formation of scar tissue at the site of the infarct, via a
process known as fibrosis(102). The scarred myocardium, necessary for wall
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stabilization, exhibits decreased myocardial contractility and impaired electrical
conductivity(72). This leads to decreases in the heart’s pumping function and can
progress into heart failure.

Over the past decade, studies have shown that specific stem-cell therapies can lead to
improved post MI cardiac function and decreases in scar size(129). Unfortunately, these
are not ideal therapeutics due to mitigating factors including: low engraftment rate of
stem cells, a potential for hostile immune response in the treated animal, and
tumorigenicity (285, 286) increasing danger for off-target tumor growth(287, 288).
Fortunately, the beneficial effects of stem cells have been shown to be regulated via
paracrine signaling factors, one of which is the release of stem cell-derived exosomes into
the surrounding tissue(224, 285, 286, 289-291). Furthermore, studies have shown that the
long-lasting effects of these exosomes on signaling is due to their delivery of miRNA and
mRNA(224, 271) to target cells, leading to alterations in cell signaling within recipient
cells.

Our group has previously studied the effects of a bone-derived stem cell, termed a
cortical bone stem cell (CBSC), which when administered directly into the post-MI
border zone in both mouse and pig models has led to a significant decrease in scar size
and improved heart structure and function (165). In both animal models, CBSC treatment
reduced myocardial scar size, increased angiogenesis within the border zone of the
infarct, and improved cardiac function(164, 214). The mechanism by which CBSCs
instigate a protective effect on the post-I/R cardiac remodeling process is the major
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question in this study. Herein, we explore the hypothesis that the release of exosomes
from CBSCs both leads to alterations in fibroblast signaling and reduces post-I/R scar
size.
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Methods

In Vivo Experiments

Murine Myocardial Ischemia-Reperfusion (I/R) Injury
Animal procedures were approved by the Temple University School of Medicine
Institutional Animal Care and Use Committee. 13wk old male C57BL/6J mice (Jackson
Laboratories) were subjected to baseline echocardiography (echo) 1wk before surgery.
Prior to surgery, mice were anesthetized with ketamine (50mg/kg) and xylazine
(8mg/kg), and received injections of 0.2mL saline and heparin (200U/kg) prior to
surgery. Mice were intubated with a PE-60 tubing and ventilated (Harvard Apparatus
Mini-Vent Model 845) with 100% oxygen. A 3cm incision was made along the skin and
a sternotomy was performed between ribs 2 and 3 with a thermal cautery unit (Geiger).
The left coronary artery (LCA) was ligated and a 3mm piece of PE-10 tubing was placed
between the suture and the heart on top of the LCA. After 45m of ischemia, the suture
and PE-10 tubing were removed to allow the heart to fully reperfuse. Reperfusion was
visually confirmed. Immediately after the heart began to reperfuse, (4) 10µL
intramuscular injections of (1xPBS (phosphate buffered saline), CBSCs, CBSC-derived
exosomes) around the infarct border zone. The chest wall and skin incisions were closed.
Following the completion of surgery, mice were place in a recovery cage that was heated
and received subcutaneous injections of 0.3mL sterile saline and buprenorphine
(0.1mg/kg). Reperfusion occurred for 24hrs. Following reperfusion, mice were
anesthetized and intubated as previously described. Blood was collected via the inferior
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vena cava (IVC) for cardiac troponin measurements post-I/R. The left carotid artery was
cannulated with a catheter containing 2% Evan’s Blue Dye (EBD). After cannulation, the
LCA was religated, and EBD (1mL) was perfused through the heart. The heart was
rapidly excised, washed with 1xPBS, and cut into (5) 1mm cross section slices by a
McIlwin Tissue Chopper. Heart slices were incubated at 37°C with 1% 2-3-5
triphenyltetrazolium chloride (TTC) to differentiate between the regions of infarction and
area-at-risk (AAR). The individual heart slices were imaged, weighed and quantified
(with ImageJ) the LV, AAR, and infarcted regions. All measurements were performed in
a blinded manner.

In vitro Experiments

CBSC Isolation and Culture
Mouse and human CBSCs were isolated as previously described (164, 214). IRB
approval for human CBSC isolation: Temple University IRB #23594: Human Bone
Samples from Orthopedic Surgery to Identify Novel Stem Cell Population.

CBSC Disclosure
S. R. Houser is a named inventor on intellectual property filings that are related to the
cortical bone stem cells used in this study. In addition, S. R. Houser is a cofounder and
scientific advisor and holds equity in MyocardTherapeutics, LLC, a biotech startup which
will license S. R. Houser’s cortical bone cell technology from Temple University for
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commercial development and clinical trials. MyocardTherapeutics, LLC, has not funded
any aspect of this research.

Exosome Isolation
To isolate exosomes from stem cells, mCBSCs (passage 10) and hCBSCs (passage 22)
were cultured in 10cm2 dishes for 2 days and allowed to grow to ~90% confluency. Both
cell types, mCBSCs and hCBSCs, were then passaged and re-plated in (40) 150cm2
flasks in normal CBSC growth media for 24hrs at a density of 200,000 cells/flask.
Following this initial 24hr growth period, the normal CBSC growth media was removed
and replaced with low-exosome CBSC growth media (normal CBSC growth media with
added system biosciences EXO-FBS-250A-1) Both cell types were cultured in the lowexosome growth media, which causes secretion of exosomes into the supernatant. After 4
days, the supernatant containing exosomes was collected and filtered through a 0.22µM
media sterilizer filter (Corning 430517). The filtered supernatant was concentrated in
100k media concentrator conicals via centrifugation at >1000g for 30m. After
centrifugation, the concentrate was collected and pipetted into 25mL glass
ultracentrifugation conicals. To remove any cellular debris, the concentrate was
ultracentrifuged at 14,000rpm for 30m. Following the removal of cellular debris, the
media was collected and slowly layered on top of 4mL of sucrose gradient (pH = 7.4).
The media + sucrose gradient was ultracentrifuged at 35,000rpm for 1hr to pull the
exosomes into the sucrose gradient. Following the ultracentrifugation, the media above
the exosome layer was removed, and 1xPBS was added to the conical at the equal volume
of the previously removed media. The remaining solution within the conicals was then
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mixed to dissipate the gradient effect of the remaining sucrose. The conicals were
ultracentrifuged at 35,000rpm for 1hr to precipitate out the exosomes into a pellet. The
exosome protein concentration was measured via Bradford Concentration Assay (BCA),
and the exosome particle size and concentration were measured via Nanosight assay.

Migration Assay
Murine embryonic fibroblasts (MEFs) (passage 2) were plated 50,000 cells/well in a 24
well plate and were cultured to ~80% confluency. Media was changed to a low serum
(1% FBS) growth media overnight. The cells were scratched with the tip of a 1000μL
pipette down the center of each well. The scratched region was imaged at 4X
magnification and scratch size was measured using ImageJ. Then, the MEFs were treated
with mCBSC-derived exosomes, mCBSC-CM, mCBSC-CM without exosomes, and
normal MEF growth media. Following 24hrs of incubation, the scratched area was reimaged and requantified. The percent migration was calculated as: ((area of initial
scratched region – post-24hr treatments, area of the scratched region devoid of cells) /
area of initial scratched region)

qPCR
Adult mouse aortic fibroblasts were provided by Dr. Raj Kishore and cultured in 6 well
plates in fibroblast growth medium. Cells were plated in 6 well plates at ~40k cells/well.
Cells were treated with mCBSC-derived exosomes for 72hrs, at which point the cells
were lysed and RNA was collected with Qiagen RNEasy RNA Isolation kit. RNA was
quantified using Nanodrop, and then cDNA was constructed using [Qiagen RNeasy
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Micro Kit 74004]. Primers for fibrosis and angiogenesis-related genes were purchased
from Thermofisher, and are as listed below:
Table 1: PCR Primer Sequences

Oligo Name

Sequence (5' to 3')

mMMP2 Forward

CCCCATGTGTCTTCCCCTTC

mMMP2 Reverse

GTGTAGATCGGGGCCATCAG

mCol1A1 Forward

TTCTCCTGGCAAAGACGGAC

mCol1A1 Reverse

CCATCGGTCATGCTCTCTCC

mCol3A1 Forward

GAGGAATGGGTGGCTATCCG

mCol3A1 Reverse

TTGCGTCCATCAAAGCCTCT

mVEGFA Forward

CCCACGTCAGAGAGCAACAT

mVEGFA Reverse

GGAATTAGACAGCAGCGGCA

Fibroblast Activation Assay
Primary ARVFs were isolated via the “chop-chop” method (292). Alternatively, human
cardiac fibroblasts [Lonza CC2904] were purchased and used for the human cardiac
fibroblast activation assay. P1 fibroblasts were plated at ~1,800 cells/well in a 96-well
plate and grown overnight in fibroblast growth media. 24hrs later, the media was changed
to ~1% FBS media and the cells were starved overnight. The following day, cells
received treatments of 1x, 10x, 100x, and 1000x mCBSC or hCBSC-derived exosomes
+/- TGFβ (where x= 2,000 exosome particles/cell treated). After 72hrs, the cells were
fixed and then stained with antibodies for

SMA (Sigma A5228, 1:2000) and fibronectin

(Abcam ab1943954, 1:1000), and secondaries (ThermoFisher A28175 Goat Anti-mouse-
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488 1:400, A27040 Goat anti-rabbit-647 1:400, and 62249 Hoechst 33342 1:2000). The
cells were then imaged with CellInsight microscope CX7, and the mean fluorescent
intensity measured via CellInsight software.

Immunohistochemistry
Heart tissues were perfusion fixed upon sacrifice. Following overnight incubation at 4°C
in formaldefresh (Fisher SF93-20), hearts were processed, sectioned, and embedded in
paraffin wax. AML Laboratories mounted the sections on PLUS slides (LEICA
S21.2113.A). Slides were then deparaffinized for immunohistochemistry purposes.
Antigen retrieval was performed by boiling the slides in the microwave while submerged
in citrate anhydrous solution. Slides were cooled for 30m at room temperature (RT).
Slides were blocked with Tris-NaCl-Blocking buffer (TNB) at RT for 1hr. Primary
antibodies were diluted 1:1000 and incubated on the slides overnight at 4°C. Slides were
then washed 3x for 5m each wash and then incubated in secondary antibodies at 1:100 for
1hr. Slides were then washed 3 times again and incubated at RT. Primary CD45:
RNDSystems AF114, 1:1000. Secondary: Donkey anti-goat IgG Sigma AP180F, 1:500.
DAPI: EMDMillipore 508741, 1:1000. TUNEL kit: Promega G3250.

RNA Sequencing
Primary human ventricular cardiac fibroblasts (NHCFs) were purchased from Lonza
(Lonza CC2904) and cultured in Lonza fibroblast medium (Lonza CC-4526) plus Fetal
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Bovine Serum (FBS) (Gibco10439024), fibroblast growth factor (Peprotech AF-10018B), insulin-transferrin-selenium (ITS) (Lonza Biowhittaker 17838Z), and Penicillin
streptomycin glutamine (PSG) (Gibco 10378016). Passage 1 cells were cultured in 10cm
dishes and then passaged and plated at 200k cells per well in 6 well plates. Cells were
allowed to adhere and grow for 24hrs in Lonza + 10% FBS media, and then were serum
starved overnight in Lonza + 1% FBS. Following the overnight serum starvation, cell
media was aspirated and replaced with Lonza + 1% FBS media and cells were treated
with hCBSC-derived exosomes +/- 10 ng/mL TGFβ (Invivogen rcyc-htgfb1). Following
72hrs of incubation at 37°C, cells were lysed and RNA was isolated using the Qiagen
miRNeasy isolation kit (Qiagen RNeasy Micro Kit 74004). PolyA mRNAs were enriched
via poly-T RNA purification beads using the TrueSeq stranded mRNA library prep kit.
Hiseq rapid SR cluster kit was used to amplify enriched mRNAs before multiplexing and
reading via the HiSeq rapid SBS kit. Single-end 75bp fragments were read at a depth of
~40M reads per sample. Sequencing was performed on Illumina HiSeq2500 sequencer
using Illumina sequencing kits. RNA transcripts were aligned to the human genome
(hg38) using HISAT2 v2.1.0 before quantification using HTSeq v0.11.2. DESeq2 v1.22.2
was used to perform differential expression analysis between the following groups: A)
normal human ventricular cardiac fibroblasts (NHCFs) treated with vehicle and NHCFs
treated with TGFβ, B) NHCFs treated with vehicle and NHCFs treated with hCBSCs, and
C) NHCFs treated with TGFβ and NHCFs treated with TGFβ and hCBSCs. Significantly
differentially expressed genes met the criteria of a fold change (FC) >=|1.5| and false
discovery rate (FDR) of <=0.05. Heatmaps were created using R v3.5.3 package
pHeatmap v1.0.12. Gene ontology (GO) analysis was performed using R package
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clusterProfiler v3.10.1 and visualized using Prism 9. RNA-seq data submission to the
GEO repository is in process.

Statistical Analysis
Data are represented as mean±SD. Two-sided testing was used for all statistical tests. A P
value of ≤0.05 was used to determine significance for all statistical tests. The distributions
of all continuous variables were tested for normality assumptions using GraphPad Prism.
Comparisons for data with a single measurement were performed using the unpaired t-test
or the Mann-Whitney U-test depending on the distribution of the data. Comparisons for
data with repeated measurements were performed using repeated measures One-way
ANOVA. The analysis was performed by Two-way ANOVA, followed by multiple
comparisons test using the GraphPad Prism software. All statistics analysis was performed
with GraphPad Prism (Version 8.0d, GraphPad Inc., La Jolla, CA).
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Figure 6: Isolation of Human and Mouse Cortical Bone Stem-Cell Derived Exosomes.

A) To isolate exosomes human and mouse CBSCs were plated and allowed to grow for 5
days until a high concentration of exosomes were released into the supernatant.
Supernatent was collected, filtered, and ultracentrifuged in a sucrose gradient to isolate
the exosome fraction. Exosomes were then washed and pelleted for further use. B) (10x)
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magnification of mCBSCs in vitro. C) Representative Nanosight still of mCBSC derived
exosomes which was used to calculate particle size and concentration. D) Nanosight
quantification of mCBSCs size and concentration. E) (10x) magnification of p22
hCBSCs in vitro. F) Representative Nanosight still of hCBSC-derived exosomes which
was used to calculate particle size and concentration. G) Nanosight quantification of
hCBSCs size and concentration in solution.
Isolation of Human and Mouse Cortical Bone Stem Cell Derived Exosomes
CBSCs were isolated from both mouse and human primary bone cells as described
previously (164, 214). Exosomes were isolated from both mouse and human CBSC by
collecting the supernatant and ultracentrifuging, as described and illustrated in Fig 6A.
Appropriate phenotypes of mCBSCs (Fig 6B) and hCBSCs (Fig 6E) were visually
confirmed. Next, the appropriate vesicle particle size (Fig 6C & 6D) and concentration
(Fig 6F & 6G) was confirmed via Nanosight imaging. Protein concentration was
determined via BCA (Bradford Concentration Assay), not shown.
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Figure 7: Exosomes alter fibroblast migration and profibrotic gene production.

MEFs were scratched with 1000uL pipette tip prior to addition of multiple media
treatments. A) Representative images from fibroblast migration assay 36hrs post84

treatment with Base Growth Medium (BGM), mCBSC-conditioned medium (CM), BGM
+ DMSO, and exosome-depleted mCBSC-CM. B) Bar graph quantifying the percent
migration of MEFs after treatment. There is a trend for mCBSC-CM reducing fibroblast
migration, and there is a significant reduction in the migration percentage of MEFs to
60% following treatment with mCBSC exosome-depleted CM. C) Illustration of the
percent migration of MEFs following hCBSC-CM treatment, as well as a migration
decrease to 35% following treatment with exosome-depleted hCBSC-CM. D-G) qPCR
quantification of murine embryonic fibroblasts following 72hr treatment with base
growth medium, MEF-CM, mCBSC-CM, and mCBSC exosomes (2.5 x 10^8
particles/cell treated). All data is normalized to GAPDH. D) mCBSC exosome treatment
leads to 0.5 fold decrease in Col1A1 expression in MEFs. E) Col3A1 is reduced by 0.5
fold by MEF CM treatment, to 0.25 fold by mCBSC-CM treatment, and to 0.20 fold by
mCBSC exosome treatment. F) MMP2 is increased in MEFs by treatment with MEF
CM, but remains consistent between the base growth media and the mCBSC-CM and
mCBSC-derived exosome treatments. G) VEGF is increased in the MEF CM treated
MEFs but remains unchanged in the MEFs following mCBSC-CM and mCBSC-derived
exosome treatment.

CBSC-derived Exosome Treatment causes Changes in Fibroblast Migration and
Production of Pro-fibrotic Genes
Alterations to fibroblast migration following CBSC-CM treatment were determined in
cultured MEFs. Representative images of each treatment’s effects are shown (Fig 7A).
Base fibroblast growth medium, mCBSC conditioned medium, and control DMSO
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treated medium led to complete wound healing (Fig 7B). However, in the exosome-free
mCBSC-CM, the fibroblast rate of migration was significantly decreased to 20% of the
“scratched” area (Fig 7B). The same trend was seen in the MEFs treated with exosomedepleted hCBSC-CM (Fig 7C). This indicates that there is a regulatory role of CBSCderived exosomes in fibroblast migration.

mCBSC-derived exosomes decrease activation of pro-fibrotic genes in cardiac
fibroblasts
Expression of pro-fibrotic genes VEGF, Collagen type I, III, and IV, MMP2, and CCL2
were decreased in fibroblasts treated with mCBSC-derived exosomes and mCBCS-CM.
The decrease in expression of pro-fibrotic genes was greater in the mCBSC-derived
exosome group for Col1A1 (Fig 7D), Col3A1 (Fig 7E) and MMP2 (Fig 7F). There was
no statistical difference between the effect of mCBSC-CM and mCBSC-derived
exosomes on cardiac fibroblast production of VEGF (Fig 7G).
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Figure 8: CBSCs and CBSC-derived exosomes reduce rat and human cardiac fibroblast
activation
in the presence of TGFβ

87

A) Schema illustrating the experimental design for fibroblast activation studies. Rat
cardiac fibroblasts and human cardiac fibroblasts were cultured in a 96 well plate at 1,800
cells/well. Cells were allowed to adhere overnight and then were serum starved to arrest
them in a concurrent phase of the cell cycle. Fibroblasts were then serum starved for
24hrs and then TGFβ was added to the final two lanes of the plate to act as an internal
positive control for αSMA. Following TGFβ addition, CBSC-derived exosomes were
added to the indicated lanes of the plates. Cells were incubated for 72hrs and then fixed
and stained for αSMA and fibronectin. Concentration x = 2,000 exosome particles/cell
treated. Green: αSMA. Red: Fibronectin. B). Representative image of full experimental
plate of ARVFs treated with mouse CBSC-derived exosomes. C) Illustration of the
amount of αSMA stained for in ARVFs post increasing concentrations of mCBSCderived exosomes. αSMA is decreased in a dose-dependent manner, and is decreased in
the TGFβ treated cells even in comparison with the TGFβ positive control. D) Graph
illustrating the fibronectin staining in the ARVFs post mCBSC-derived exosome
treatment. Fibronectin expression in the ARVFs is decreased with the increasing
concentration of mCBSC-derived exosomes. In the case of the TGFβ treated fibroblasts,
fibronectin expression is slightly elevated versus the TGFβ positive control fibroblasts.
E) Representative image of full experimental plate of ARVFs plus human CBSC-derived
exosomes. F) Illustration of the αSMA staining in the ARVFs post-treatment with human
CBSC-derived exosomes. αSMA is reduced in a dose-dependent manner in the ARVFs
following the human CBSC-derived exosome treatment. The 100X+ TGFβ exosome
treatment still shows a reduced αSMA expression compared to TGFβ treated positive
control. G) Quantification of fibronectin staining of ARVFs following hCBSC-derived
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exosome treatment. Fibronectin expression is reduced only in the case of TGFβ + human
CBSC-derived exosomes in the ARVFs. H) Representative image showing human cardiac
fibroblasts plus the treatment of human CBSC-derived exosomes. I) Quantification of
αSMA in HCFs following hCBSC-derived exosome treatment. αSMA expression is
lowered in the HCFs in a dose-dependent manner with increasing concentration of
hCBSC-derived exosomes. Even when given the stimulus of TGFβ, αSMA expression is
not increased in the HCFs. J) Quantification of the fibronectin expression in HCFs
following hCBSC-derived exosome treatment. Fibronectin is reduced in a dosedependent manner in the HCFs following the same trend as αSMA expression.

CBSC-Derived Exosomes Reduce Cardiac Fibroblast Activation
Primary ARVFs were cultured in 96 well plates in high serum media at 1,800 cells per
well (Fig 8A). After 24hrs, the media was changed to a low serum media overnight. In
the morning, the media was replaced with low serum media +/- TGFβ and the cells were
treated with increasing concentrations of mCBSC-derived exosomes, from 2,000
exosome particles per cell treated up to 2,000,000 exosome particles per cell treated.
After 72hrs, the cells were fixed, stained, and imaged for αSMA and fibronectin (Fig 8B,
Fig 8C and Fig 8D). There was a dose-dependent reduction of αSMA expression in the
ARVFs (Fig 8C), supporting the idea that mCBSC-derived exosomes reduce fibroblast
activation. There was a smaller reduction in fibronectin (Fig 8D), implying there is less
extracellular matrix deposition by the fibroblasts in response to mCBSC-derived exosome
treatment.
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To examine if human exosomes had the same inhibitory potential, hCBSC-derived
exosomes were used to treat ARVFs as described above. A dose-dependent reduction in
αSMA expression (Fig 8E, quantified Fig 8F), and fibronectin (Fig 8E, quantified Fig
8G) was observed.

Next, primary NHCFs were cultured and treated with hCBSCs, as described above.
hCBSC-derived exosomes had a more profound inhibitory effect on fibrotic activation in
NHCFs as compared to ARVFs. In the NHCF+hCBSC-derived exosomes condition,
αSMA expression was reduced to a level similar to non-activated fibroblasts, even postTGFβ activation (Fig 8H, quantified Fig 8I). Fibronectin was also reduced in a dosedependent fashion following hCBSC-derived exosome treatment (Fig 8H, quantified Fig
8J). These finding support the idea that hCBSC-derived exosomes have a significant antifibrotic effect, and greatly reduce fibroblast activation to myofibroblasts.

One potential mechanism explaining how exosomes alter the phenotype of recipient cells
is that contain miRNA that modify gene expression. Our hypothesis is that exosomal
miRNA binds to the target cell’s mRNA and inactivates the transcription of the mRNA,
thus altering the phenotype of the target cells. To explore this idea we investigated how
exosomal miRNA and small RNA content could be altering fibroblast mRNA signaling.
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Figure 9: Treatment with TGFβ activates fibrotic program in NHCFs

Differential expression analysis and gene ontology analysis of NHCFs treated with
TGFβ to activate the fibrotic gene program A) Principal component analysis indicates
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two distinct transcriptional profiles between NHCF-VEH and NHCF-TGFβ. B) Volcano
plot analysis showing transcripts with a FC >=|1.5| and FDR<=0.05. C) Heatmap of the
top 100 significantly changed transcripts. D-F) Gene ontology analysis indicating the (D)
molecular functions, (E) cellular components, and (F) biological processes of genes
which are significantly differentially expressed.

hCBSC-derived exosomes cause downregulation of snoRNA related to ribosome
stability and protein translation in human CFs
RNASeq was performed on normal human cardiac fibroblasts (NHCFs) + vehicle (VEH),
NHCFs + TGFβ, NHCFs + hCBSC-derived exosomes (NHCF+EXO), and NHCFs +
TGFβ + hCBSC-derived exosomes (NHCF+ TGFβ+EXO), to examine the effect of
CBSC-derived exosomal signaling on fibroblast RNA content in each condition.

First, we determined the effects of TGFβ on fibroblast gene expression. Principal
component analysis (PCA) showed distinct separation between the NHCF+VEH and the
NHCF+TGFβ group indicating a change in the transcriptional profiles (Fig 9A). Volcano
plot visualization shows there are 656 significantly downregulated genes and 479
upregulated genes in the TGFβ condition, as defined by a FC ≥ |1.5| and an FDR ≤ 0.05
(Fig 9C). A Heatmap of the top 100 genes showed that genes such as TMEM26,
PHOSPH1, and many SNORD family genes, having to do with increased protein
translation, were upregulated, while FOXF2 and CDC25, along with many other genes
associated with cell growth regulation, were downregulated (Fig 9B). Gene Ontology
(GO) analysis revealed increases in molecular functions associated with fibroblast
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activation such as “cytokine activation” and “receptor binding”, “growth factor
activation”, and “hormone activation” (Fig 9D). Cellular component GO analysis
revealed associations with changes in the “membrane” and “complex of collagen trimers”
(Fig 9E) while enriched Biological Processes included the expected activation of the
immune system as evidenced by “complement activation” and of the fibroblast gene
program as evidenced by transcription factor “SMAD protein signaling transduction”,
“RNA processing”, “protein processing”, and “protein maturation.”
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Treatment of NHCFs with hCBSC exosomes changed the transcriptional landscape of
NHCFs in the absence of pathological signaling (TGFβ). There was little separation
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between the NHCF+VEH group and the NHCF+EXO group as evidenced by the limited
variance in the PCA plot (Fig 10A), This was supported by the single significantly
upregulated gene, ribonuclease inhibitor 1 (RNH1), in the NHCF+EXO treated condition
(Fig 10B).
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Figure 11: hCBSC Exosome Treatment of Activated Human Cardiac Fibroblast leads to
downregulation in snoRNA related to ribosome stability and protein translation.
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Differential expression and gene ontology analysis of NHCFs activated with TGFβ to
induce fibrosis and treated with either VEH or hCBSC exosomes. A) Principal
component analysis shows two distinct transcriptional profiles between NHCF-TGFVEH and NHCF-TGFβ-EXO B) Heatmap of the 1 significantly increased transcript and
20 significantly deceased transcripts. C) Volcano plot analysis showing transcripts with a
FC >=|1.5| and FDR<=0.05. D-F) Gene ontology analysis indicating the (D) molecular
function, (E) biological process, and (F) cellular components of genes which are
significantly differentially expressed.

Given the protective effect of exosomes on fibroblast markers, we determined if
deleterious transcriptional changes induced by TGFβ were altered by exosome treatment.
There were significant differences between the NHCF+TGFβ and NHCF+TGFβ+EXO
groups indicating distinct transcriptional profiles (Fig 11A). Plotting of genes with a FC
≥ |1.5| and an FDR ≤ 0.05 led to the identification of 28 genes which were downregulated
post-exosome treated and 1 gene which was significantly upregulated (Fig 11C).
Heatmap of the 29 different genes shows upregulation of TUBB in exosome treated
group and downregulation of a variety of snoRNA genes which are important in
regulating ribosome stability and important for protein translation (Fig 11B). Within the
downregulated group was miR7641-2, which targets CXCL2, an important cytokine
signaling protein. These results suggest that the addition of hCBSC-derived exosomes
into the fibrotic environment lowers global protein translation levels. This can lead to a
decrease in the translation of fibroblast genes such as αSMA or fibronectin, genes
important in the transition from fibroblast to myofibroblast. Analysis of GO molecular
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functions significantly altered between these groups indicates that “cyclic compound
binding” is altered, which further suggests that the binding of cellular components to
RNA is changed by the hCBSC-derived exosome treatment (Fig 11D). Additionally,
biological processes involved in “metabolic processes”, “RNA”, “ribonucleic complex
subunit organization”, “mRNA processing”, and “mRNA splicing” were altered,
suggesting a change in the transcriptional and translational machinery in the cell (Fig
11E). This was further confirmed by the changes in the cellular component GO category
related to the “nuclear lumen”, “RNP complex”, “spliceosomal snRNP complex”, and
“small nuclear RNP complex” (Fig 11F).
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Laboratories. Mice were given 45m of ischemia by tying a knot around the LCA.
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8

2.5 x 10^ mCBSC-derived exosome particles, or VEH. Mice reperfused for 24hrs, upon
which blood was collected for troponin quantification, hearts were perfused with 2%
EBD, and then quickly excised and stained with 1% TTC or were quickly excised and
used for perfusion fixation to allow for immunohistochemistry. B) Representative images
of cross-sections of hearts following EBD and TTC staining to allow for infarct size
quantification in each of the treatment groups. C) Quantification of infarct size staining
showed no difference in AAR/LV area, indicating consistency of injury in each animal
and treatment. Quantification of infarct size/AAR showed a significant decrease in infarct
size within the mCBSC treated mice and mCBSC-derived exosome treated mice
compared to vehicle treated mice, implying that both mCBSCs and mCBSC-derived
exosomes confer cardio-protection when administered in the border zone immediately
following reperfusion.

mCBSCs and mCBSC-derived Exosomes Reduce Infarct Size in a murine model of
I/R
A mouse 24hr I/R study was performed to determine the effects of mCBSCs and
mCBSC-derived exosomes on post I/R wound healing.

A study of infarct size following 45m ischemia and 24hrs reperfusion (Fig 12A) showed
that the injection of 100,000 mCBSCs and 2.5 x 108 particles of mCBSC-derived
exosomes reduced infarct size relative to vehicle injections. There was no difference in
AAR, but both mCBSC and mCBSC-derived exosome treated mice had statistically
significant reductions in infarct size (Fig 12B, quantified 12C) compared to vehicle-
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treated mice. These data indicate that the injection of the mCBSC-derived exosomes and
mCBSCs immediately post-I/R provides cardioprotection.
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Discussion
Exosome research in the context of post-MI injury has rapidly expanded in the
past 10 years. In particular, due to the under-delivery of therapeutic benefits following
stem cell treatment as a potential cardiac reparative therapy, exosome research has risen
to the forefront. Ling Gao et. al., found that human induced pluripotent stem cell
(hIPSC)-derived exosomes were able to recapitulate similar levels of therapeutic effect as
hiPSC-cardiomyocytes and hiPSC-endothelial cells in terms of encouraging
angiogenesis, reducing apoptosis and improving cardiac hypertrophy(293). Even more
excitingly, they were able to recapitulate those exosomes’ effects by using synthetic
mimics of the most abundant miRNAs within the exosomes, highlighting the importance
of exosomal miRNA in preventing disease.
Our lab has shown that CBSCs improve cardiac output and decrease scar size in
both a mouse and pig post-MI model. We posited that CBSCs work through the release of
exosomes as paracrine factors to alter the downstream signaling of the cardiac cells. In
order to further expand our understanding CBSCs protective effects, the effect of both
mouse and human CBSC-derived exosomes on fibrosis was investigated.
After induction of wounding via a scratch assay, mouse and human CBSCderived exosomes were found to alter MEF migration, with depletion of exosomes from
the media leading to the most significant reduction in migration (Fig 7B, Fig 7C).
Interestingly, addition of exosomes in non-inflammatory conditions did not cause an
alteration in fibrotic signaling, depletion was the key mediator of migratory changes.
Excitingly, in the presence of TGFβ, exosomes led to a reduction of pro-translation
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signaling with the addition of exosomes (Fig 8). This suggests that healthy exosomes
have distinct signaling effects on quiescent and activated fibroblasts.
To begin to elucidate the signaling differences between exosomes effects on
quiescent and activated fibroblasts, we stained TGFβ activated fibroblasts for αSMA and
fibronectin and observed a downregulation in these fibrotic markers post-exosome
treatment. We found that intraspecies exosome treatments led to the most significant
protection against fibrosis as indicated by the NHCF+TGFβ+hCBSC-derived exosome
condition (Fig 8G-I), an important observation for designing future human clinical
treatments.
We dove further into the mechanism of the exosomes’ protective effects on
fibrotic activation using RNA-seq. We activated fibrosis via TGFβ and treated
simultaneously with exosomes. We found that the majority of the genes altered by
exosome treatment in activated fibroblasts were snoRNA, involved in ribosome
stabilization and influencing ribosomal RNA processing(294). While the effect of
snoRNA on rRNA conformation is not fully understood, currently snoRNA are believed
to enhance ribosomal efficiency(295), suggesting a decrease in snoRNAs can led to
ribosome destabilization. Studies show that in inflammatory conditions, such as our
TGFβ activated fibroblasts, there is an increase in protein translation (296-299).
Specifically, studies found that liver protein synthesis is increased twofold in both sepsis
and sterile inflammation, due to increased translational efficiency, as a consequence of
increased of ribosomal subunits and ribosome stability(299). These studies, and our
RNA-seq analysis, lead to the interesting conclusion that exosomes decrease fibrotic
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signaling via a reduction in efficient protein translation, leading to an inability to activate
the myofibroblast gene program.
We hypothesize that mCBSC-exosome induced alterations to cardiac remodeling
via a decrease in fibroblast activation, will lead to long term reductions in cardiac scar,
and therefore improvements in cardiac hypertrophy and cardiac output. Our findings on
the cardioprotective effect of mCBSC-derived exosomes, in particular, warrant a longer
term post-I/R study to examine if exosomes lead to alterations and improvements in long
term cardiovascular remodeling.
In our past studies of CBSCs as a post-MI and post-I/R therapy, we were unable
to show cardioprotection, but did see long term alterations in scar size and improvements
in cardiac function following treatment with CBSCs(164, 214). The initial mouse study
of mCBSCs as a potential therapeutic used a permanent ligation model of mouse MI,
which is a more consistent model of injury than I/R, but is not as clinically relevant as
I/R.(164) The swine study of I/R involved injection of swine CBSCs after more than an
hour of reperfusion injury had occurred, as a necessary consequence of using the swine
model, as there is a requisite myocardial mapping step prior to injection of any therapy in
the post-I/R swine heart(214). We intended to see if by using a mouse model of the more
clinically relevant I/R injury, which would allow for immediate injection of mCBSCs and
mCBSC-derived exosomes, would reveal cardioprotection from either mCBSCs or
mCBSC-derived exosomes. In this mouse model of I/R, we saw that indeed, immediate
therapeutic intervention upon reperfusion lead to cardioprotection from both mCBSCs
and mCBSC-derived exosomes, emphasizing the importance of early intervention in the
clinical treatment of myocardial infarctions with ischemia reperfusion injury.
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In summary, we investigated of the ability of CBSC-derived exosomes to
recapitulate the anti-fibrotic abilities of CBSCs both in vitro and in vivo, and found that
mCBSC-derived exosomes and hCBSC-derived exosomes were capable of exerting the
same anti-fibrotic and therapeutic effects as their respected species of CBSCs. We
discovered that hCBSC-derived exosomes are specifically anti-fibrotic in their ability to
reduce αSMA activation and fibronectin deposition even in the presence of a strong
fibroblast activation signal, and that this activity is likely due to CBSC-derived exosomal
small RNA content reducing ribosomal stability within the treated cells, leading to
overall decreases in protein translation. These decreases in protein translation within the
pro-inflammatory environment of the post-MI/R heart may reduce fibroblast activation.
Furthermore, we investigated whether mCBSCs and mCBSC-derived exosomes could
provide cardioprotection in a murine I/R model in which treatment was administered
immediately upon reperfusion, and found that both mCBSCs and mCBSC-derived
exosome post-reperfusion lead to decreased infarct size and cardioprotection. mCBSCderived exosome-treated animals exhibited the same level of cardioprotection as the
mCBSC-treated animals, implying that mCBSC-derived exosomes may be the main
driver of mCBSC-mediated cardioprotection.
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CHAPTER 7: DISCUSSION
Cardiovascular disease is a global health crisis. It is a complex etiology, made up
of many different types of cardiac maladies. Chief among the comorbidities that leads to
the development of heart failure is the event of experiencing a myocardial infarction.
Following a myocardial infarct, there is an extremely powerful inflammatory event in the
heart as the immune system responds to the cardiac insult. Following the immediate
period of inflammation, the heart is repaired through a process referred to as cardiac
remodeling. A cornerstone of cardiac remodeling following a myocardial infarction is a
process known as fibrosis.
The fibrotic environment in the post-I/R heart is a complex and necessary
transition phase for the injured cardiac tissue. Fibrosis is required to replace the
cardiomyocytes that perish in the necrotic death phase of the ischemic insult and avoid
ventricular rupture. Unfortunately, the newly formed fibrotic area of the myocardium is
non-contractile, and its presence leads to decreased heart function following cardiac
remodeling.
A goal in cardiac research in the post-MI heart has been to reduce the amount of
scar in the myocardium. The Houser lab has utilized a novel stem cell, called cortical
bone stem cells, in multiple post-MI animal studies to investigate their effect on cardiac
fibrosis(164, 214). CBSCs have been found to act in a strongly anti-fibrotic matter,
significantly reducing scar size in a mouse model of permanent ligation MI as well as in a
pig model of post-ischemia reperfusion injury. In the study discussed in this work,
CBSCs were used to treat mouse hearts following ischemia reperfusion. They were found
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to recapitulate the same effects as seen in previous studies, in that they reduced infarct
size as compared to vehicle-treated animals.
Stem cells have been investigated as a potential cardiac therapeutic due to the
discovery by Orlic et al. in the early 2000s that bone marrow derived stem cells caused
cardiac regeneration in a mouse model of permanent ligation injury(129). Stem cells were
thought to contain reparative potential given their ability to differentiate into nearly all
cell and tissue types in the body, their ability to create identical copies of themselves, and
their self-renewing lifespans(135). Other labs have since investigated the protective
effects of stem cells. Embryonic-derived stem cells were found to recapitulate the same
cardiac reparative abilities as their parent cells in a mouse model of permanent
myocardial ligation (300). Cardiosphere-derived cell (CDC) exosomes were found to
reduce fibrosis in a mouse model of Duchene muscular dystrophy, recapitulating the
effects of their parent CDCs, with the mechanism being at least in part due to the
exosomal delivery of miR-148a (301).
The work summarized here further supports the mechanism of exosomes being
capable of recapitulating a parent stem cell’s cardiac reparative abilities. In vitro,
mCBSC-derived exosomes were able to recapitulate CBSC conditioned medium’s effect
on murine embryonic fibroblasts and mouse cardiac fibroblasts, with mCBSC-derived
exosomes illustrating the same effects on reduction of mRNA within the recipient
fibroblasts. In vivo, mCBSC-derived exosomes were compared to mCBSCs when used to
treat a mouse model of ischemia reperfusion. Both mCBSC-derived exosomes and
mCBSCs led to lower infarct sizes at 24 hours post-IR as compared to the vehicle-treated
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mice. This indicated that CBSC-derived exosomes are involved in the cardiac protective
effects of CBSC administration.
Exosomes are small extracellular vesicles produced by all eukaryotic cells, which
contain proteins, RNA, and DNA derived from their parent cells, and function as
paracrine mechanisms for how their parent cells may signal to recipient cells over
relatively long cellular distances(225). Exosomes are produced through the maturation of
a cell’s endosomal sorting mechanism, generally through an ESCRT-dependent signaling
pathway(242, 302). This forms multivesicular bodies that contain intraluminal vesicles. If
these MVBs successfully fuse with the cell’s external plasma membrane, they are then
released into the cell’s surroundings and are termed exosomes(232).
Exosome downstream signaling has been studied extensively. Studies have found
that exosomes exert the majority of their signaling changes through the delivery of RNA
into the recipient cells, in particular miRNA and other small RNA products(272).
Exosome contents that have been found to be involved with their signaling effects are
miRNA, snoRNA, and other ncRNA. These types of RNA operate by binding to RNA
and altering RNA stability(295). This binding can lead to alternate proteins being
produced or lead to changes in the downstream signaling pathway due to the reduction in
the target RNA’s activity. In particular, this study focuses on the effect of exosomes on
target cells, in this case on cardiac fibroblasts’ production of snoRNA and other small
RNAs.
Exosomes have been found to be directly involved with regulation of both
transcription and translation through the delivery of their RNA content(303-305). In the
context of fibrosis, the regulation of translation is important because fibrosis involves
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increased inflammation and synthesis of pro-fibrotic proteins(102). Thus, we hypothesize
that the decreased levels of fibrosis we saw in the highly inflammatory post IR
environment was due to the influence of CBSC-derived exosomes on protein translation.
Protein translation is a complex biomechanical process which is first initiated by
transfer RNA (tRNA)-synthetase priming a tRNA with amino acids(306).
Simultaneously, a 30S ribosomal subunit begins to assemble around a single strand of
mRNA. The ribosomal subunit then moves in the 5’ to 3’ direction along the mRNA until
it reaches a start codon, which is typically AUG. At this point, the 50S ribosomal subunit
and initial tRNA come to the mRNA and attach to the 30S subunit. The ribosome then
moves along the mRNA creating a chain of amino acids as tRNAs deliver their respective
amino acids and then are released from the ribosome to go bind to more amino acids.
Eventually, the ribosome reaches a stop codon and releases the finished peptide
chain(306, 307).
A study of the literature reveals that protein translation is increased in a proinflammatory environment. Cooney, et al. discovered that sepsis increased the rate of
protein synthesis by 35%, and the injection of an anti-inflammatory protein, tumor
necrosis factor-binding protein, significantly reduced the rate of protein translation, as
well as reduced total RNA content(296). In a separate study, lipopolysaccharide (LPS)induced septic pigs exhibited an increase in translation initiation due to modulation of the
mRNA-binding step of ribosomal translation(297). LPS induced pro-inflammatory
protein translation in another study, which looked at rates of protein synthesis after
exposure to inflammatory stressors(298). Another study discovered that liver protein
synthesis is increased twofold, both in terms of secreted and non-secreted proteins, in the
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context of both sepsis and sterile inflammation. This increase in protein synthesis was
due to increased translational efficiency, as there was increased availability of ribosomal
subunits and ribosome stability(299).
Exosomes have been shown to be protective in the cardiac environment because
of their ability to alter both transcription and translation. In terms of transcription,
exosomes have been shown to contain miRNA which directly alter the transcription of
mRNA at a post-translational level(308). This can lead to the reduction in transcription of
protein-producing genes which would otherwise increase pro-inflammatory signaling
pathways. Exosomes have also been found to be protective because of reducing the
translation of pro-inflammatory genes(290).
In particular, some gene products that exosomes have been shown to alter the
production of are ncRNAs, in particular snoRNA, snRNA, and miRNA. miRNA bind and
alter protein translation by binding to mRNA(309). SnoRNAs and snRNAs alter
translation in a different fashion. Mainly, they directly alter the activity of the ribosome
via binding to rRNA and tRNA leading to increased levels of protein translation(310).
snoRNA have two main functions in regard to how they alter ribosomal RNA, depending
on where they bind to rRNA. When snoRNA bind within the C/D box of rRNA, it leads
to changes in methylation changes, with the majority being 2’O-ribose-methylations,
where the methyl group is attached to the ribose group. When snoRNA binds to rRNA at
the H/ACA box, it leads to pseudouridylation changes, which are changes in the
conformation of rRNA which create access to an additional hydrogen bond(294). snRNA
function by forming part of the spliceosome, mediating the process of splicing primary
RNA transcripts(311). These changes mediated by snoRNA and snRNA to rRNA and
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tRNA are subtle but have been found to lead to increases in protein translation
levels(295).
These types of small RNA were indicated to have been reduced by mCBSCderived exosome treatment and hCBSC-derived exosomes treatment of cardiac
fibroblasts. The mechanism of CBSC-derived exosomes altering fibrosis is supported in
particular by the reductions in fibroblast activation, as demonstrated via reduced αSMA
and fibronectin production in cardiac fibroblasts, even when stimulated by TGFβ. Further
investigation was performed via RNA-sequencing of the human cardiac fibroblasts
following hCBSC-derived exosome treatment.
The RNA-Seq performed on these fibroblasts following exosome treatment in the
presence of TGFβ shows that only one gene, tubulin β-1 (TUBB), was significantly
upregulated, while many snoRNAs and snRNAs were significantly downregulated.
TUBB is involved in the creation of tubulin, which is involved in the creation of cellular
cytoskeleton. This is involved in both cell proliferation and migration (312). The genes
which were downregulated were mainly genes involved with increasing ribosome
stability, in particular multiple snoRNAs. snRNA was also downregulated, implying that
there were reductions to the splicing of introns within the genes that govern fibroblast
activation. snoRNAs were the most numerous of the downregulated RNA within the
fibroblasts, and are known to be involved in stabilization of rRNA and tRNA(313). Their
downregulation directly leads to reduction in protein translation, as the ribosome is
slightly more likely to detach from the mRNA before translating a full protein.
In human cardiac fibroblasts treated with hCBSC-derived exosomes but without
TGFβ, there was only one gene significantly increased by exosome treatment, which was
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ribonuclease inhibitor 1 (RNH1)(314). The fact that the sole upregulated gene by
hCBSC-derived exosome treatment of ‘quiescent’ fibroblasts is a
ribonuclease/angiogenin inhibitor further supports the conclusion that the exosomes work
by decreasing translation within the treated cells.
We found that hCBSC-derived exosomes work by reducing ribosomal stability
and decreasing overall protein translation in the pro-inflammatory environment induced
by TGFβ activation of cardiac fibroblasts. This suggests that the mechanism for mCBSCs
and mCBSC-derived exosomes in the post-IR in vivo models was via the reduction of
protein translation in cardiac fibroblasts. The post-IR inflammatory environment, which
would normally lead to increased protein translation, experienced a reduction in protein
translation due to CBSC and CBSC-derived exosome treatment, as well as a shift in the
inflammatory response, revealing the mechanism for decreased infarct size and scar
formation following CBSC treatment.
The study discussed in this work is valuable to the field of cardiac research
because it furthers the understanding of alternate methods of reducing fibrosis and its
progression. The findings from this study extend beyond cardiovascular disease, as
fibrosis occurs in many other diseases, including but not limited to radiation-induced
fibrosis as a result of cancer therapeutics, liver fibrosis, kidney fibrosis, and pulmonary
fibrosis (315). Furthermore, this study reveals CBSC-derived exosomes could be useful
in treating any upregulation of translation that occurs in the context of other
inflammatory conditions, as the downregulation of translation could be useful in reducing
dysregulated cell growth in the context of cancer.
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Future directions beyond the current scope of this study include sequencing the
exosomes in order to discover which miRNA or ncRNA in the exosomes are directly
targeting the assembly of snoRNA and snRNA in activated fibroblasts. If the particular
miRNA within the exosomes are found to be connected mechanistically to the reduction
in fibrosis activation seen within the treated cardiac fibroblasts, the next step would be to
test the therapeutic efficacy of these miRNA. Synthetic miRNA could be tested in the
post-IR animal models discussed within this work. Furthermore, if certain small RNAs
are pinpointed to be the most efficacious within the exosomes, we can further investigate
if culturing the parent CBSCs in different conditions encourages the preferential loading
of these small RNAs into their exosomes. Other laboratories have begun work into
loading of exosomes with specific cargo(316, 317), with one group in particular pushing
mesenchymal stem cells to load higher levels of anti-apoptotic miRNAs by
overexpressing GATA4 in the stem cells (318). Another laboratory discovered that
ischemic preconditioning of mesenchymal stem cells caused the cells to release exosomes
that were enriched in miR-22, which had anti-apoptotic effects (319). This type of
directed exosome content loading could increase the therapeutic efficacy of CBSCderived exosomes in the post-IR environment, and be utilized for testing of these
exosomes as anti-inflammatory therapeutics in other disease etiologies.
In summary, we have discovered that CBSCs release exosomes that recapitulate
the therapeutic effects of the CBSCs in the post-IR environment as well as in vitro within
the context of altering fibrotic signaling. We have shown that CBSC-derived exosomes
reduce fibroblast activation via the delivery of exosome content that reduces protein
translation through destabilization of ribosomal binding to mRNA. This work is
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instrumental in offering an additional avenue through which stem cell-derived exosomes
may be investigated as anti-fibrotic therapeutic agents, not only in the context of the
heart, but also in the larger context of all pro-inflammatory disease.
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