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Abstract: Fibrosis, a multi-faceted process that exacerbates numerous cardiovascular pathologies leading
to heart failure, is the result of excessive extracellular matrix protein deposition. Although fibrosis is
classically thought to be the result of myofibroblasts activated from interstitial fibroblasts endogenously
present within the heart, recent research has indicated another significant pro-fibrotic cell source which
resides in the bone marrow. These mesenchymal progenitor cells are recruited to the heart in response to
inflammation in a variety of cardiovascular diseases and have been directly implicated in extracellular
matrix protein deposition. The fibrotic extracellular matrix environment significantly influences the
differentiation of mesenchymal progenitor cells. These cells continuously deposit extracellular matrix
proteins worsening fibrosis and further recruiting circulating bone marrow-derived mesenchymal
progenitor cells. This hostile fibrotic environment has also stunted and further complicated the success of
regenerative cell therapy which aims to stimulate cardiac repair and healing. In the many cardiovascular
disorders that lead to fibrosis, these endogenous fibroblasts and bone marrow-derived progenitor cells
differentiate rapidly to the myofibroblast phenotype in response to injury. This pro-fibrotic differentiation
process has been shown to be facilitated and guided by microRNA. The putative role of microRNA has
been implied in both the differentiation of bone marrow-derived stem cells and interstitial fibroblasts to
myofibroblasts. The human body has a myriad of different environments that contribute to cell
differentiation, which includes stiff pathological fibrotic environments. Pathological fibrosis occurs in
response to injury which alters the microenvironment experienced by mesenchymal cells by promoting a
pro-fibrotic phenotype which is influenced, in part, by miRNA expression. The significant potential for a
link between miRNA, the extracellular matrix environment, and the differentiation of various progenitor
cell-types and their contribution to cardiac fibrosis will be explored in this thesis. We hypoethsize that
mesenchymal cells, both bone marrow-derived progenitor cells and atrial fibroblasts, are susceptible to
changes in their surrounding environment that influences their behaviour. As decellularization techniques
can be utilized to isolate native extracellular matrix (ECM), it is possible to evaluate mesenchymal cell

phenotypic changes on an endogenous pro-fibrotic environment. Therefore, this hypothesis will be tested



using physiological, native ECM isolated from human left ventricular cardiac tissue. This pro-fibrotic

influence may be attenuated by over-expression of miRNA-301a.

This shall be accomplished by first evaluating the effects of statin therapy on the mesenchymal
progenitor cell population to establish how they interact with potential cell sources that would be utilized
in clinical applications. It is recognized that mesenchymal cells that contribute to pathological fibrosis
undergo a proliferative phenotype change upon exposure to inflammation as a result of injury. We identified
a miRNA involved in this phenotype switch and determined how it influences the progression of
mesenchymal cells as they exhibit myofibroblast-like properties under normal culture conditions.
Understanding that progenitor cell differentiation is determined by their niche microenvironment, including
extracellular stiffness, we evaluated how human mesenchymal progenitor cells (hMPCs) respond to varying
surface tensions while measuring possible changes in miRNA expression. In order to observe
physiologically accurate phenomena, it is possible to decellularize native tissue to isolate ECM. With access
to human cardiac tissue, both diseased and healthy, we focused on the influence of pathologically remodeled
ECM on hMPCs and human atrial fibroblasts (hAFs), by using decellularization techniques to isolate
fibrotic-rich areas of left ventricular (LV) myocardium and subsequently recellularizing them with hMPCs
and hAFs. Although studying the effects of hMPCs and hAFs on human LV, we also evaluated the effects
of these cells on commercially available decellularized porcine matrix, called CorMatrix®, which is used
in a variety of cardiac surgery procedures. Finally, in addition to being able to evaluate molecular
differences between ECM products, native diseased and healthy ECM, we assessed the efficacy of miR-
301a in attenuating differentiation into a pro-fibrotic phenotype on hAFs and hMPCs seeded in profibrotic

decellularized LV ECM.
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1. Introduction



The international burden of cardiovascular disease is exacerbated by the excessive extracellular matrix
(ECM) protein deposition phenomenon known as fibrosis (1). In patients with chronic heart failure,
biomarkers linked to pathological fibrosis were strong predictors of pump failure risk, which emphasizes
the impact fibrosis has on cardiovascular function and patient outcome (2). This process is multi-faceted
and drives numerous cardiovascular pathologies towards heart failure, which is the fastest growing
subclass of cardiovascular diseases (1,3,4). Acute cell death that is caused by cardiovascular disease
triggers reparative fibrosis by eliciting an inflammatory reaction, similar to that which occurs during a
myocardial infarction (MI) (5). Pathological fibrosis, known as reactive fibrosis, also occurs in various
clinical complications in the context of systemic hypertension, aortic stenosis, hypertrophic and dilated
cardiomyopathies, and heart transplantation, all of which have impaired survival (3-8). In addition, aging
results in increased levels of interstitial ECM protein production which can stiffen the myocardium and
impair overall cardiac function (9). As the heart has stunted regenerative properties, MI was the initial
catalyst in investigating the regenerative potential of progenitor cell therapy. However, understanding
how endogenous progenitor cells respond to a pro-fibrotic environment equips the field of tissue
regeneration with the knowledge that allows treatments to be more effective by developing cells immune
to the influence of a profibrotic extracellular matrix environment in any cardiovascular disease state.

Traditionally, fibrosis was presumed to be solely the result of myofibroblasts derived from interstitial
resident fibroblasts within the heart; however, recent research has found that there are numerous cell
sources contributing to fibrosis, including various cell lineages found in the bone marrow (7, 10-14).
Mesenchymal cells of bone marrow origin contribute to pathological ECM protein deposition in a variety
of cardiovascular diseases in both animal models and patients (13, 15-20). Earlier research in our lab
identified these cells as myofibroblast-like mesenchymal progenitor cells (MPCs) (20). These cells appear
ubiquitously involved in both physiological and pathological fibrosis within the human body, including

the cardiovascular system (21-26).



Although a variety of scientific tools have been used to discover the culprits responsible for
cardiovascular fibrosis, it is crucial to elucidate activities of bone marrow derived cells in an in vitro
setting to better interpret their physiology and understand their impact on the wide variety of tissue
scaffolds being utilized in cell therapy and tissue engineering prior to patient implantation. This allows
easier manipulation and targeted study of these cells to better understand the mechanisms that differ
between beneficial fibrosis required for normal wound healing, compared to pathological fibrosis that
impairs cardiac functionality. In vitro analysis comparing primary human atrial fibroblasts (hAFs) with
primary human bone marrow-derived mesenchymal progenitor cells (hMPCs) within the same patient was
recently published (20). It was found that h\MPCs rapidly acquire a myofibroblastic phenotype in culture,
the primary cell responsible for pathological cardiac fibrosis, evidenced by protein and mRNA expression
of a-smooth muscle actin, non-muscle myosin isoforms and EDA-fibronectin. These cells also
functionally behave like myofibroblasts, evidenced by contraction of collagen gels at baseline, as well as
in response to transforming growth factor-p (TGFp) stimulation (27). Additionally, research groups,
including our own, can induce these cells to acquire a myofibroblast-like phenotype in culture,
specifically through administration of TGFB1 (28-30). Understanding the various mechanisms of how
bone marrow-derived progenitor cells are influenced by their extracellular environment to differentiate to
myofibroblast-like cells could reveal therapeutic targets to prevent overzealous profibrotic differentiation

in a cardiovascular disease environment.

A key molecule, discovered to be essential to differentiation from a single embryonic stem cell to a
multi-cellular living organism, is microRNA (miRNA) (31). These powerful 20-25 nucleotide-long
sequences prevent targeted messenger RNA (mRNA) from forming proteins and significantly influence
cell differentiation, including that of cells that contribute to fibrosis (31, 32). Because they have the
potential to simultaneously interact with multiple mRNA targets, miRNA molecules can act as a master
switch to regulate cellular processes, including the multi-faceted behaviour of differentiation. Many

different miRNA molecules have been implicated in cell differentiation; however, miR-21, miR-24, miR-



29, miR-133, miR-145, and miR-208a have been found to be the most influential in regulating cardiac
fibrosis either through myofibroblast differentiation or altering ECM protein deposition (33-38). Due to
the potential role of miRNA in regulating numerous protein targets, including secreted ECM proteins,
miRNA represents an exciting potential avenue for therapeutic targets in preventing, and possibly even

reversing, pathological fibrosis in the heart.

Although understanding how intracellular mechanisms influence differentiation into a pro-fibrotic
phenotype is important, it would be naive to assume the cell has an innate knowledge of when to
differentiate and what to differentiate into. Cells are signal dependent entities, and, therefore, receive their
information on how to behave or respond based on their surrounding environment. The environment
surrounding the cells in all solid organs of the body is called the extracellular matrix, which was described
earlier as the environment where pathological fibrosis occurs. Pioneering research done by both Taylor’s
(39) and Discher’s (40) groups calls attention to the significant influence of the ECM on organ function
and cell differentiation, respectively. These monumental findings not only highlight the importance of the
ECM as a operative component of solid organ structure, but also as a signaling element influencing
progenitor cell differentiation. Current research focused on tissue regeneration is recognizing the
importance of ECM and, in doing so, is merging the fields of biomaterials and stem/progenitor cell

therapy leading to the creation of bioscaffolds to optimize cardiac tissue repair (41).

1.1 Hypothesis

Mesenchymal cells, both bone marrow-derived progenitor cells and atrial fibroblasts, are susceptible
to changes in their surrounding environment that influences their behaviour. The human body has a
myriad of different environments that contribute to differentiation of cells, including pathological fibrosis
which provides a stiff environment. Pathological fibrosis occurs in response to injury which alters the
microenvironment experienced by mesenchymal cells by promoting a pro-fibrotic phenotype which is

influenced, in part, by miRNA expression. As decellularization techniques can be utilized to isolate native



ECM, it is possible to evaluate mesenchymal cell phenotypic changes on an endogenous pro-fibrotic
environment. Therefore, this thesis hypothesizes that mesenchymal cells, both bone marrow-derived
progenitor cells and atrial fibroblasts, are influenced by its microenviroment, which can be evaluated in
physiological, native ECM isolated from human left ventricular cardiac tissue. This pro-fibrotic influence

may be attenuated by over-expression of miRNA-301a.

1.2 Objectives

Project 1: As the majority of cardiovascular patients who would be eligible for cell therapy take statin
medication, it is important to determine how it effects the mesenchymal progenitor cell population, which
is a common source for clinical cell therapy and tissue engineering treatments. It has been observed in
patients that statins may be able to mobilize endothelial progenitor cells; however their effect on
mobilizing hMPCs is largely unknown. Establishing how statins interact with potential cell sources in
clinical applications that would be used to repair damaged cardiac tissue is important in determing how

effective either therapy will be when administered in conjunction with the other.

Project 2: Mesenchymal cells that contribute to pathological fibrosis have a tendency to exhibit a
dichotomous phenotype, where cells in healthy patients maintain a proliferative phenotype until exposure
to inflammation as a result of injury. In response to inflammation, they become more contractile and
secretory as they build ECM proteins to stabilize damaged organ infrastructure. Our lab focused on
identifying a miRNA involved in this phenotype switch to determine how it influences the progression of
mesenchymal cells into myofibroblast-like pro-fibrotic cells. A miRNA target could be used as a
potential treatment to target progenitor cells prior when administering them to a pathological fibrotic

microenvironment.

Project 3: Differentiation of progenitor cells is significantly determined by their microenvironment,
including the stiffness of their surrounding extracellular matrix. MPCs are especially attuned to this as

they differentiate into adipogenic, chondrogenic, and osteogenic tissue which have drastically varying



stiftnesses. Identifying how MPCs respond to varying surface tensions while measuring possible changes
in miRNA expression could elucidate what environmental signals a miRNA of interest uses to determine

whether or not MPCs maintain a proliferative or differentiated phenotype.

Project 4: It is possible to decellularize native tissue to isolate ECM. This provides 3-dimensional
scaffolding, more accurately representing an endogenous cell growth environment and provides an ability
to observe cells in a physiological environment. With access to human cardiac tissue, by using both
diseased and healthy, it is possible to seed mesenchymal cells on fibrotic and control ECM to determine
how it influences pro-fibrotic differentiation. However, although decellularization followed by
recellularization has been performed on the heart, it has only been published as an entire organ as part of
an ex vivo circuit. This requires an enormous amount of resources and fails to target isolated fibrotic
lesions. In order to focus on the influence of pathologically remodeled ECM, a technique isolating and

decellularization smaller, focused pieces of tissue must be established.

Project 5: Although it is ideal to use decellularized human LV tissue, there is a non-cardiac ECM
product, called CorMatrix®, which is used in a variety of cardiac surgery procedures. This product is
used to strengthen areas of weakness; however, it has a significantly denser ECM protein distribution.
This could stimulate a pro-fibrotic phenotype in mesenchymal cells already being recruited to this area as
a result of damage sustained post-operation. Using similar recellularizing procedures as with
decellularized LV tissue, it is possible to compare how mesenchymal cells respond to the non-cardiac
ECM. In addition to being able to evaluate molecular differences between ECM products, native diseased
and healthy ECM, it can also be used to test the efficacy of our miRNA of intereset in attenuating

differentiation into a pro-fibrotic phenotype.

1.3 Pathological Fibrosis

Within nearly all tissue and organ systems there is a heterogenous population of cells that have

potential to stimulate pathological fibrosis. Although collectively termed myofibroblasts, they exhibit



multifarious phenotypes elucidated by their distinct physiological characteristics (42). There have even
been degrees of diversity observed in myofibroblasts isolated from distinct areas of the same organ. This
is demonstrated by myofibroblasts isolated from different dermis depths which express distinct ECM
protein profiles for collagen type I and II, and proteoglycans versican and decorin (43,44). Pathological
fibrosis can be triggered by inflammation, radiation, chemical agents, persistent infections, genetic
disorders, and autoimmune disease which exacerbates the development of numerous diseases and
contributes to high morbidity and mortality (45-48). The pathogenesis of fibrosis commonly occurs in
response to wound healing when epithelial and/or endothelial cells release pro-inflammatory cytokines in
response to damage (45). Persistant stimuli caused by overexpression of pro-inflammatory cytokines or
growth factors can cause abnormal signaling and sustain myofibroblast activation, switching the wound

healing process to a pro-fibrotic process (49,50).

1.3.1 Cardiovascular Disease and Fibrosis

Cardiovascular disease (CVD) is defined as “disorders of the heart and blood vessels that includes
coronary heart disease, acute MI, cerebrovascular disease (stroke), hypertension, peripheral artery disease
(PAD), rheumatic heart disease, congenital heart disease, and heart failure” by the World Health
Organization (WHO). Not only has it been responsible for more than 17.7 million premature deaths in
2015, it is projected to exceed 22 million deaths annually by 2030 (51). In 2016, cardiovascular disease
directly causes 37% of all-cause mortality internationally making it the number 1 cause of death in the
world. There are many identified risk factors of CVD, some of which are influenced by lifestyle whereas
others by genetic predisposition or congenital defects. Family history of CVD, age, race, genetic
mutations, or congenital defects are risk factors that are unavoidable; however, physical inactivity,
obesity, and alcohol, tobacco, and/or illicit drug abuse are modifiable factors that significantly increase
the risk of CVD (51-55). Although extensive research has proven that healthy eating habits and moderate
physical activity can prevent and/or delay the onset of CVD, these measures are inadequate to cure it,

especially as the heart is unable to effectively heal once it has been damaged.



As mentioned previously, MI causes a significant number of deaths in patients with CVD because it
contributes to the risk of developing heart failure (HF). One of the primary contributing factors to HF
caused by MI is remodeling of the cardiac interstitium: cardiac fibrosis (56). MI causes cardiomyocyte
necrosis as a result of being deprived of nutrients and oxygen normally delivered via the coronary
vasculature. This damage releases pro-fibrotic signaling factors and signals resident cardiac fibroblasts to
differentiate into myofibroblasts that synthesize numerous ECM proteins, predominantly fibrillar
collagens, in order to maintain cardiac integrity (56). This acute response forms a collagen based scar that
replaces the necrotic cardiomyocytes, providing tensile strength and thus preventing myocardial rupture
where sudden death is inexorable (57-59). Unfortunately, this damaged myocardium is never replaced
with healthy cardiomyocytes to the extent where the scar is no longer needed; therefore, a positive
feedback mechanism can develop as a result of residual myofibroblasts perpetually signaling for
continuous interstitial remodeling. Although this response may not begin until 2-3 days post-MI in
patients, the inflammatory signal may persist, triggering further deposition of fibrillar collagen which may

invade viable myocardium and compromise cardiac function leading to heart failure (60).

1.3.1.1. Cell Sources of Fibrosis

Homeostatic ECM turnover is maintained by flat, spindle-shaped cells called fibroblasts which lack a
basement membrane. Developmentally derived from mesenchymal origins, fibroblasts reside within the
cardiac interstitium and are considered sentinal cells (61). This is because they remain relatively quiescent
until activated by a variety of stimuli including transforming growth factor-f (TGFp), endothelin-1,
angiotensin II, electrical signaling, and mechanical stress (30, 63-70). Upon exposure to the
aforementioned stimuli, fibroblasts become slightly larger cells exhibiting an exemplified secretory and
synthetic phenotype called a myofibroblast (71). Myofibroblasts are the quintessential cellular source of
fibrosis, especially within the cardiovascular system. They are present within the valve leaflets of a
healthy heart in order to maintain valve durability and structure from continuous hemodynamic stress

caused by contraction and subsequent relaxation (72). After activation, myofibroblasts alter their



secretory profile to include a-smooth muscle actin (a-SMA), fibronectin (FN), non-muscle myosin heavy
chain-b (NMMIIB), TGF receptors, fibrillar collagens type I and III, vimentin, and periostin (73-79). In
addition to these cells, there are circulating cells, derived from the bone marrow, that contribute a
significant portion of ECM protein deposition.

Numerous studies have been performed with various cell-tracing techniques and bone marrow
transplant models to understand the relative contribution of pro-fibrotic cells originating from the bone
marrow compartment (9-12, 23, 80). Using enhanced green fluorescent protein (eGFP)-transgenic mice,
two independent groups have demonstrated both the presence and the active contribution of bone marrow-
derived cells to cardiac fibrosis (80,81). Both studies found that approximately 20-24% of the
myofibroblast cells present within the scar expressed eGFP seven days post-infarct, indicative of their
bone marrow origin. Another comprehensive study utilized a gender mismatched bone marrow transplant
technique in mice to evaluate the number of Y chromosome-positive cells in aortic banded, via transverse
aortic constriction, and sham treated hearts (12). This study revealed that the banded hearts had 13.4%
and 21.1% of the cells with a Y-chromosome fibroblast specific protein-1 (FSP-1) and/or a-SMA
positive, respectively, indicating that these cells expressing fibroblast and myofibroblast markers
originated in the bone marrow. Interestingly, in sham hearts, there were no FSP-1 positive cells witha Y
chromosome; however, about 3.4% of cells with a Y chromosome were a-SMA positive which indicates
that, even in normal hearts, bone marrow-derived cells mildly furnish the fibroblast population within the
heart. It is important to elucidate whether this cellular behaviour is possible in a human population.
Excitingly, similar analysis was performed in on autopsy samples of heart transplant patients with gender
mismatched hearts who suffered a myocardial infarction post-transplant. The gender mismatching of the
hearts allowed for cell tracking in the transplanted heart and, as early as two to four weeks after
infarction, almost 6% of all cells presented in the infarcted region were non-inflammatory progenitor cells
(15). Although it was unspecified whether these non-inflammatory cells were fibroblasts and/or
mesenchymal progenitor cells, it was discovered that 24.1% of all cells carrying a Y-chromosome were
cells that were derived from the patients who received the organ transplant and experience an MI, which
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compared to only 5.3% of of sex-mismatched cells in control non-infarcted patients (15). Although these
numbers are lower than those found in animal studies, they are still comparable and might indicate that it
may take longer for cells to be recruited from the bone marrow to contribute to scar formation in
transplant patients as a result of additional complications and/or medications that may interfere with the
wound healing process. Even though these studies clearly demonstrate that bone marrow-derived cells
are present within the heart post-injury, it is also important to determine that these cells directly contribute
to pathological fibrosis by participating in ECM protein deposition. To evaluate this, van Amerongen et al
(80) utilized a bone marrow transplant model with mice expressing a pro-Col1 A2 (coding for the a2 chain
of pro-collagen I) promoter fused to both B-galactosidase and luciferase. Analysis of in vivo luciferase
and in vitro P-galactosidase activity showed that cells derived from the transplanted pro-CollA2
transgenic mice bone marrow were present in the post-MI heart and actively expressed collagen.

A common element of these studies previously discussed is that the proportion of bone marrow-
derived pro-fibrotic cells significantly increases as a result of injury. Inflammation signals the body that
injury has occurred which stimulates fibrosis, indicating these two processes are inextricably affiliated
with each other (7). The recruitment of these bone marrow-derived cells to sites of inflammation is the
result of a variety of factors. There are unique profiles of chemokines, cytokines, growth factors, and
ECM structure in heart tissue that indicate whether it is healthy, injured, inflamed, or fibrotic. These
profiles create a specific myocardial signaling milieu that cause varied differentials of administered multi-
lineage progenitor cells at different stages of myocarditis (11,81).

Analysis of ischemic heart disease models indicates that bone marrow-derived recruited or
administered progenitor cells do not differentiate into cardiomyocytes, but, if hematopoietic, will continue
along that same lineage (82-84). One lab has investigated the importance of the chemokine receptor C-C
chemokyne receptor type 2 (CCR2) (85), which is found in to be expressed in >80% of bone marrow-
derived fibroblast precursors. Their experimentation with CCR2-KO mice given an angiotensin-II (Angll)
infusion caused a decrease in collagen accumulation and Coll and fibronectin mRNA expression in the
heart compared to wild-type controls. They also showed that bone marrow-derived fibroblast
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CD34"/CD45" precursors identified with Coll™ were increased in Angll-treated wild-type mice, but these
numbers were significantly lower when compared to CCR2 KO mice. Interestingly, there was found to be
no difference in cardiac hypertrophy or hypertension between these two groups indicating the presence of
a unique mechanism for recruitment of bone marrow-derived fibroblasts (85). Cells expressing CD133
have also been observed infiltrating the myocardium (86), indicating bone marrow-derived hematopoietic
lineage origins. These cells also express stromal cell-derived factor-1 o (SDF-la) (87), a common
chemokine for hematopoietic progenitor cells, which was found to be significantly up-regulated in the
myocardium of Angll-exposed animals as early as day one of treatment (17). Finally, the C-X-C
chemokine receptor type 4 — C-X-C chemoke ligand type 12 (CXCR4-CXCL12) axis is instrumental in
homing bone marrow-derived progenitor cells (88), as CXCR4 is a crucial chemokine receptor in stem
cell trafficking, and the differential expression of CXCL12 within various tissues allows for trafficking
CXCR4" cells in a gradient-dependent manner to ensure tissue specificity (88,89). These studies highlight
the significance of the immune system in cell recruitment, as immunodeficient mice showed no bone
marrow-derived cell contribution to fibrosis, however further parameters regarding outcomes was not
assessed (90). This immune system response has been shown to be imperative in facilitating the migration
of bone marrow-derived progenitor cells to fibrogenic areas, and encouraging their differentiation into
pro-fibrotic cells (91). It is important to mention that clinical trials utilize injections of freely flowing
bone marrow-derived progenitor cells as a regenerative cell therapy. Although reported improvements
have been modest, they have been attributed to bone marrow-derived MPCs anti-inflammatory properties
that have been extensively studied in relevant animal models and correlated with human tissue (92-98).

Mesenchymal Progenitor Cells (MPCs)

There are two distinct lineages of progenitor cells residing within the bone marrow that have the
potential to differentiate into myofibroblast-like cells in vitro: hematopoietic stem cells (HSCs) and
mesenchymal progenitor cells (MPCs) (99). MPCs have been shown to share many features with
myofibroblasts, which is why their contribution to fibrosis has been studied extensively (27,28,85,100-
102). They are a rare population of cells that make up an exiguous 0.001-0.01% of bone marrow (103)
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where their contribution to fibrosis is not limited to responding to injury or acute inflammation, but also
as a result of aging (104). MPCs are known precursors for cells, namely fibroblasts and smooth muscle
cells that actively build ECM proteins (99). When comparing MPCs to fibroblasts, it is important to note
that initially, MPCs were identified as colony-forming unit fibroblast-like cells (9). Known fibroblast cell
lines, specifically HS68 and NHDF, were screened using a phenotype panel of 22 CD surface markers
against MPCs and determined to be identical (105). A study co-culturing human MPCs with human
dermal fibroblasts found that there was MPC-induced fibrosis as a result of the differentiation of the
MPCs into myofibroblasts with well-organized a-SMA filaments (106). MPCs have even been found to
express basal levels of contraction similar to cardiac fibroblasts and respond in a similar way to TGFp-1
treated cells by strengthening their ability to contract (107) through co-expression of aSMA (108). During
culturing on plastic dishes, MPCs produced collagen, although this did not increase in response to TGF[3-
1, which differed from observations utilizing human myofibroblasts obtained from atrial tissue (107,
109,110). TGFB-1 is an important ligand as it stimulates the differentiation of fibroblasts to collagen-
forming myofibroblasts (108). In addition to exposure to a variety of growth factors, including connective
tissue growth factor and fibroblast growth factor-2, MPCs have also been found to differentiate into
fibroblasts by cyclic mechanical stimulation (111-115). A unique feature of MPCs is their ability to have
an intercellular connection with resident cardiomyocytes via connexin 43; however, it this same trait has
been observed with cardiac fibroblasts (116-118). This allows for electrical signal transduction
throughout the heart that further emphasizes the similarities between these cell types, as well as allowing
for the potential for endogenous differentiation of MPCs to myofibroblasts (119, 120).

Fibrocytes

Recently a unique cell type contributing to cardiac fibrosis was identified, sharing the cell markers of
leukocytes, hematopoietic progenitor cells, and fibroblasts (collagen”/CD137/CD34"/CD45%) (22, 121).
Within the literature, these cells have been given a variety of names including telocytes, CD34" stromal
cells, and fibrocytes (122). For the purposes of this introduction, we shall refer to these cells as fibrocytes
which originate from immature mesenchymal cells within the peripheral blood but have the hematopoietic
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lincage marker CD34" (122). Although they only make up less than 0.5% of mononucleated cells in
peripheral blood, they are ubiquitously present throughout the body and have been found to be involved
in synthesizing substrates, immunomodulation, providing scaffolding support for other cells,
phagocytosis, parenchymal regulation, as well as synthesizing and remodeling ECM (89, 122). Recently,
a clinical study investigating biomarker predictors of unstable angina noted that patients had increased
levels circulating fibrocytes compared to patients with stable angina, as previous research indicated that
concentrations of fibrocytes can increase up to 100-fold in the blood after tissue injury (20, 89, 123).
Although fibrocytes are classified as a subset of fibroblasts, they have a distinct progenitor phenotype as
they demonstrate the capacity to differentiate into adipogenic, osteoblastic, and chondrogenic lineages
(124) and are present in animal models of atherosclerosis (125). In studies evaluating human tissue,
fibrocytes are present within the fibrous cap of human carotid artery plaques (126), in patients with atrial
fibrosis in the context of chronic atrial fibrillation (127), and in patients with hypertrophic
cardiomyopathy (128). Repetitive episodes of ischemia-reperfusion inducing fibrotic cardiomyopathy
resulted in an increase in fibrocytes, as indicated by the expression of collagen-1, aSMA, CD34, and
CD45 (9). The presence of these cells in various cardiovascular diseases where pathogenic fibrosis occurs
indicates that they could be a key target in ameliorating detrimental ECM remodeling. They are robustly
active in producing ECM proteins including collagen I, collagen III, and vimentin, and secrete matrix
metalloproteinases (MMPs) which are key regulators of cardiac ECM remodeling (129, 130). As
previously discussed, immunomodulation is an important factor in promoting fibrosis and fibrocytes
which uniquely contribute by being a source of inflammatory cytokines, chemokines, and growth factors.
During wound healing, fibrocytes can localize to granuloma formation and ECM matrix protein
deposition (129). Research has indicated that fibrocytes are released from the bone marrow into the
peripheral blood to hone into zones of inflammation via a CCR2-mediated pathway (85). Fibrocytes have
the adaptive capabilities to undergo phenotypic changes by being proliferative, synthetic, and/or
contractile and, by expressing markers such as endosialin and integrin receptors, they can bind to
fibronectin and fibrin to situate themselves in close proximity with resident fibroblasts (131, 132).
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Other Differentiating Pro-Fibrotic Cell Sources

Although bone marrow-derived progenitor cells contribute significantly to fibrosis, they are not the
only cell type capable of altering their phenotype to become pro-fibrotic. Endothelial-to-mesenchymal
transition (EndMT) contributes to fibrosis through conversion of endothelial cells to fibroblasts (12, 133)
which has been observed in the heart with endothelial cells that reside in the endocardium. During
development, some of these cells undergo EndMT in order to form valve interstitial cells that then further
mature into valve mesenchymal cells and valve leaflets (134). An important factor in triggering this cell
transformation is TGFp (135), which, as previously mentioned, is found extensively in pro-inflammatory
and pro-fibrotic areas of the heart and is responsible for fibroblast activation (136). When losartan was
used to inhibit activation of the TGFB/SMAD pathway there was a concurrent significant reduction in
EndMT (137). In a lineage tracing analysis utilizing LacZ irreversibly labelled endothelial cells, Ziesber,
et al., (12) found that mice exposed to pressure-overload for five days had nearly 33% of their cardiac
fibroblasts originate from the endothelial layer. Not only do EndMT cells further complicate fibrosis by
forming fibroblasts, but there is also a net loss of endothelial cells which impairs normal organ function.
In a study investigating the role of endothelial cells in chronic kidney injury, it was found that reduced
bioavailability of nitric oxide synthesized by endothelial cells actually causes further endothelial
dysfunction where there was up-regulation of collagen, increased TGFP and rarefaction of capillaries
(138). This loss of endothelial cells may also contribute to the decreased stability of atherosclerotic
lesions as noted recently in a study investigating human plaques which determined that the extent of
EndMT correlates to an unstable plaque phenotype (139). Most recently, myofibroblasts derived from
EndMT were found to engulf dead cells post-MI in both human and mice, which is an activity not yet
observed in pro-fibrotic cells originating from bone marrow (140).

Another key cellular transformation process that occurs during embryonic heart development is
epithelial-to-mesenchymal transition (EMT). In adults, this mechanism has been implicated in
pathological ECM remodeling of the heart by up-regulating a number of genes encoding growth factors.
VEGF, FGF2, TGFB2, and MCP1 which promote angiogenesis and might be beneficial in reducing heart
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injury post-MI (141). EMT has been established as a key source of fibroblasts in the liver (142), and
lungs (143), and epithelial cells of the epicardium have demonstrated the capacity to differentiate into
fibroblasts as well (144). Fibrogetic EMT has been observed in the heart by overexpression miR-21,
found to be upregulated during EMT (145). This unique pro-fibrotic cell source has yet to be verified to
determine if it contributes to human patient pathological fibrosis in the heart.

In addition to progenitor cells found within the bone marrow, a distinct population of cardiac stem
cells has been found residing in the heart (146). They are negative for various hematopoietic lineage
markers (such as CD34, CD45, CD8) but are positive for c-kit, a canonical stem cell marker. Although
these cells are being evaluated for their potential to become functional cardiomyocytes for therapeutic
purposes (146, 147), there is currently no information available exploring the potential for these cells to

differentiate into myofibroblasts or any other cell type that could contribute to cardiac fibrosis.

1.3.2. Current Anti-Fibrotic Therapies: Focus on Effects of Statins

Despite the prevalence of pathological cardiac fibrosis in a myriad of cardiovascular diseases, there
are few effective pharmaceutical options. Inhibitors of the renin angiotension aldosterone system (RAAS)
have had minor success in small clinical trials; however cardiac fibrosis still persists in heart failure
patients even when treated (148). Although inhibiting TGFp, a significant factor contributing to fibrosis,
seems like a logical target, its effectiveness in animal studies has failed to translate to clinical success.
Treatment with tranilast was ineffective in preventing post-percutaneous transluminal coronary
angioplasty restenosis clinically and it, as well as pirfenidone, causes liver dysfunction (149,150). An
alternative avenue to targeting fibrosis is inhibiting the activation of MMPs, ECM proteases responsible
for pathological ECM remodeling. Unfortunately, the PREMIER study of orally active MMP inhibitor,
PG-116800, in 253 patients failed to improve clinical outcomes, although this trial neglected to evaluate
any parameters of fibrosis (151). Many interventions have been tested to prevent fibrosis; however, the
most ubiquitous treatment, not primarily targeting fibrosis but shown to have anti-inflammatory effects,

are compounds inhibiting hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase (150). They are
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extensively used to treat hypertension as they prevent the downstream formation of cholesterol by
inhibiting mevalonate formation (152,153). These compounds are ubiquitously known as statins and share
a common active component that competitively inhibits HMG-CoA reductase by forming a f-
hydroxyacid in vivo to from a lactone ring (152). The base unit of cholesterol production is acetyl CoA
which is converted to acetoactyl CoA by condensation. HMG-CoA synthase utilizes the latter to form
HMG-CoA which is reduced by HMG-CoA reductase to produce mevalonate (154). Statins prevents
mevalonate production by blocking HMG-CoA reductase (154). We shall focus on the effects of statin
treatment as 12% of Canadians (ages 20-79) and over 20% of Americans are prescribed HMG Co-A
reductase inhibitors (155, 156). In addition, regardless of whether or not novel therapies will effectively
target fibrosis, it is projected that 27% of the Canadian population will be recommended for statin

treatment within the next decade (155).

Although inhibiting mevalonate production is effective in reducing cholesterol production, there are
many downstream compounds dependent on the formation of mevalonate which have been shown to be
affected by statin treatment. There are a number of crucial isoprenoid building blocks that are derived
from mevalonate including steroids, bile acids, vitamin D, haem A, Coenzyme Q10 (CoQ10) and
isopentenyl adenine, to name a few (157). Of particular interest are CoQ10, involved in membrane
structure (157-159) and dolichol, which is mandatory for glycoprotein synthesis (160). CoQ10, known as
ubiquinol in its reduced form and ubiquinone in its oxidized form, is a lipid molecule found in the inner
membrane of the mitochondria. It forms a crucial component of the electron transport chain during
adenosine triphosphate (ATP) synthesis (161), and is shown to be decreased with statin treatment (162-
164). Dolichols facilitate transportation of glycan precursors required for forming oligosaccharides is vital
in forming steroid hormones (160). Preventing mevalonate synthesis prevents the formation of
farnesylpyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) which are crucial lipid
attachments for numerous proteins including Ras, Rho, and Rac of the small guanosine triphosphate

(GTP) binding protein family (157). Classically, it has also been observed that mevalonate depletion also
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prevents the DNA synthesis (S) phase of the cell cycle thereby reducing cell proliferation (165-168). In
addition, treatment with mevastatin, or cells lacking either HMG-CoA synthase or HMG-CoA reductase,
will not grow in a lipoprotein-free environment unless mevalonate is present (169-171). There have also
been numerous studies evaluating the effect of mevalonate inhibition on patient immunology, as
mevalonate inhibition also inhibits nuclear factor-kB (NF«B) activity which is responsible for recruiting
many pro-inflammatory factors including TNFa and IL-6 (171-175). Unfortunately, complete inhibition
of mevalonate downstream products results in manifestation of mevalonate kinase deficiency (MKD)
which is the result of genetic mutation of mevalonate kinase. MKD leads to two distinct syndromes,
mevalonic aciduria and hyper-IgD syndrome (HIDS) which are characterized by increased inflammasome
activity (176). Evidently there are many effects that occur as a result of inhibiting mevalonate formation
which will be discussed more thoroughly in this section. It is important to note that currently there are a
number of studies that have occurred and are ongoing evaluating the pleiotropic effects of statins,
independent of cholesterol formation inhibition, in patients both with and without cardiovascular diseases,

which are more elaborately discussed in these noted reviews (177-181).

1.3.2.1 Mevalonate and G-Protein Activation

The mevalonate pathway is a highly conserved metabolic cascade in mammals and yeast which yield
isoprenoids, the oldest known biomolecules, which are synthesized from isopentenyl pyrophosphate
(IPP), a compound downstream of mevalonate synthesis, and dimethylallyl pyrophosphate (DMAPP)
(182,183). Mevalonate is the original substrate from which FPP and GGPP are derived (157). They are
formed when mevalonate is metabolized into IPP and its isomer DMAPP. FPP synthase then catalyzes
condensation reactions of DMAPP with two units of IPP to form FPP which undergoes further
condensation reactions by GGPP synthase to form GGPP (184,185). These compounds are crucial in
protein isoprenylation which is important in numerous intracellular signalling events (186,187). Levels of
isoprenoids have been shown to be reduced by statin treatment in a variety of cell types (188,189). It is

interesting to note that, although there are many proteins that have been discovered to contain farnesyl or
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geranylgeranyl groups, it is estimated that there are over 300 prenylated proteins in the human proteome
(190). One of the most important functions of isoprenylation is enabling the activation of a few crucial
members of the large family of G-proteins. G-proteins utilize and/or bind GTP in order to perform a wide
variety of cellular activities. They function as molecular switches that convert GTP to the products
guanosine diphosphate (GDP) and inorganic phosphate. When active, these molecules are bound with
GTP which then become inactive once the GTP is utilized, which can then be re-activated when the GDP
is replaced with another GTP molecule via guanine nucleotide exchange factors (191,192). Three
members of the smaller subset of the GTP family, Ras, Rac, and Rho, known as GTPases, are soluble
cytosolic proteins and require isoprenylation to anchor themselves to the lipid membrane in order to
function (193,194). GTPases are responsible for a wide variety of cellular functions, and the Ras
superfamily, which includes, Rac, and Rho, is responsible for regulation of gene expression, in addition to
many other functions including reactive oxygen species (ROS) generation and cytoskeletal organization
(195,196). The majority of effects observed with mevalonate depletion involving the Ras superfamily
focus on ameliorating oxidative stress. For example, in order to activate nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, a molecule that is responsible for generating a superoxide
anion, Racl must undergo isoprenylation which enables it to translocate to the membrane and bring it
within proximity of NADPH oxidase. This direct contribution to reactive oxygen species formation is
prevented if isoprenylation of Racl fails to occur (197). This has a cumulative effect as ROS generation
promotes production of proinflammatory cytokines and oxidized low-densitiy lipoprotein which further
stimulates Racl membrane translocation (198). There are currently 22 known genes of the Rho family,
all of which bind GTP, and are primarily responsible for leukocyte adhesion to endothelial cells (ECs).
This is done by the clustering of ICAM-1 and VCAM-1 and forming the necessary docking structures
around adherent leukocytes (199, 200). The Rho family of proteins require prenylation from either GGPP
and/or FPP, which affects their ability to optimally locate themselves on the membranes of leukocytes
(201). Inhibition of Rho activation has also shown to be beneficial in promoting vasorelaxation as it
increases the bioavailability of endothelium-derived nitric oxide (202,203). Another molecule whose
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activation is targeted by the GTPase family is the mammalian target of rapamycin complex 1 (mTORC1),
a Ras homologue enriched in brain (Rheb). mMTORCI is known to activate translation of proteins and is
involved with numerous aspects of cell physiology including cell growth, protein synthesis, ribosome
biogenesis, nutrient metabolism and autophagy (204). With regard to statin treatment, it was found that
proliferation of T-cells and IFNy expression were both blocked as a result of increased KLF-2 expression,

which is naturally suppressed by mTORCI activation (205).

There has also been clinical evidence indicating the influence of altered levels of GTPases. Inhibition
of Racl isoprenylation has also shown to be effective in improving the environment of saphenous vein
grafts in patients who underwent short-term treatment with atorvastatin prior to a coronary artery bypass
graft procedure. This was also done by inhibiting the activation of NADPH oxidase (206). It has been
consistently observed that endothelial function is improved in patients treated with statins which is a
result of reduced ROS production due, in part, to a decrease Racl-activated NADPH oxidase levels (207-
209). Racl was also the first of the small GTPases to be linked to cardiac remodelling, where it was
demonstrated to mediate cardiac hypertrophy (210,211). Interestingly, in a recent study by Zhu et al
(212), although mevalonate depletion disabled the ability for Rho to associate with the cell membrane, it
accumulated in the cytosol of human cancer cells, with bound GTP, and underwent apoptosis. Further
studies evaluating this effect in non-cancer cells would be important in determining whether or not this
effect is cancer-cell specific and could provide an effective method of targeting cancer cells. It is evident
that inactivation of a few members of the small GTPase family appear to have multiple clinical benefits,
not only for patients with hypercholesterolaemia, but also with a wide variety of both cardiovascular and

non-cardiovascular-related pathologies.

1.3.2.2 Coenzyme Q10

CoQ10 is a lipid molecule that consists of a 1,4-benzoquinone compound with an additional 50

carbon atoms that helps transport electrons when the cell is synthesizing ATP (161) in the inner
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membrane of the mitochondria. It is present in all cells and is involved with redox modulation, membrane
stabilization, in addition to electron transport (213,214). Deficiency of CoQ10 has been shown to lead to
the decreased functionality of mitochondrial complexes I, I, and IV of the electron transport chain (215).
By its proton carrying capacity, it is able to activate the uncoupler proteins (216,217). In addition to its
many roles in the mitochondria, studies have revealed that CoQ10 supplementation can act as an
antioxidant by reducing oxidative stress biomarkers and increasing the antioxidant efficiency of other
antioxidants, such as renegerating a-tocopheroxyl from a-tocopheroxyl radicals (218-220). It is incredibly
effective in this regard due to its proximity to oxidative stress environments and its ability to continuously
regenerate itself by reduction (221). It also plays an important role in the inflammatory response by

suppressing nuclear factor-xB (NF-«kB) activation (214).

The interruption of its production by statin administration has been demonstrated in clinical settings
(222,223). It has been shown that patients taking statins show a decreased level of CoQ10 in serum (164,
224). Interestingly, in the large clinical trial CORONA (Controlled Rosuvastatin Multinational Study in
Heart Failure), it was found that, although serum levels of CoQ10 were lower in older patients with more
advanced heart failure, there was little interaction between rosuvastatin and CoQ10 (225). It was
determined that, although mortality was higher in patients with less CoQ10, and rosuvastatin further
reduced CoQ10 levels, this did not lead to a worse outcome for the patients (226,227). As low CoQ10
was related to poorer prognosis independent of statin treatment, supplementation of CoQ10 has been
investigated. It has been found that, in concert with cerivastatin, CoQ10 can improve flow mediated
dilation of the brachial artery indicative of improved endothelial function (225). Due to its involvement in
the energy cascade, one of the clinically observed side effects of CoQI10 depletion is fatigue (162).
Another previously reported side effect from depleted CoQ10 levels is myalgia (162); however a CoQ10
supplementation trial stated that supplementation of CoQ10 had no beneficial effect on muscle pain,
muscle strength, or aerobic exercise capacity (223). The more recent study estimated that only one third

of patients who claimed to have statin myalgia had true statin myalgia (228). As supplementation with
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CoQ10 had a negligible effect on alleviating myalgia, it is perhaps a different missing link of the

mevalonate cascade that is causing muscle pain brought on by statin treatment.

1.3.2.3 Anti-Inflammatory Effects of Statins

One of the most investigated and intriguing of the many pleiotropic effects of reduced mevalonate
levels has been its effect on inflammation. There have been changes observed in how statin treatment
affects B-cells, T-cells, regulatory T-cells, macrophages, and endothelial cells in the immune response
(229-235). Although there are a glorious number of factors that can influence the immune response,
addition of mevalonate has been observed to reverse statin-mediated effects (229, 236). As initiators of
the immune response, T-cell modulation by mevalonate depletion is of particular interest. It has been
observed that their proliferation, Thl differentiation, and migration are decreased when mevalonate is
depleted (237-240). This reduced inflammatory response results by decreasing the secretion of pro-
inflammatory cytokines including TNFa, and IFN-y and increased secretion of protective 1L-4 (237-240).
As previously mentioned in the chapter, mevalonate is responsible for producing factors that enable cell-
cell tethering, so it is no surprise that statins interfere with interactions critical in neutrophil tethering and
rolling. Simvastatin was used in a study evaluating human neutrophils and their interaction with human
umbilical vein endothelial cells (ECs). Histamine was used to simulate a pro-inflammatory environment
where increased transient interactions between neutrophils and ECs were reduced upon administration of
simvastatin (241). Mevalonate pre-treatment was observed to reverse the statin effect on both tethering
and rolling which was found to be affected by the surface expression of P- and E-selectin, which are

instrumental in the rolling and tethering processes of neutrophils (241).

A number of studies have been performed evaluating the effect of mevalonate inhibition in
attenuating the pro-inflammatory response in a number of pathologies. In a kidney transplant model,
atorvastatin was shown to block renal inflammation and fibrosis by decreasing the number of infiltrating

mononuclear cells (ED1+, CD8+, CD68+), the mRNA levels of pro-inflammatory cytokines (IL2, IFy,
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IL10), chemokines (RANTES, MCP-1), and pro-fibrotic genes (TGFp1, collagen III) (242). In intestinal
fibrosis, pravastatin was found to induce dose-dependent decreases in inflammatory mediators
osteopontin, C-reactive protein, and TGFB1, in addition to reducing the number of macrophages. This led
to abrogation of tubulointerstitial inflammation and fibrosis (243). Attenuated production of pro-
inflammatory cytokines, IL-6 and IL-8, has been show to occur in human fibroblast-like synoviocytes
derived from patients with rheumatoid arthritis treated with simvastatin. This observation was reversed

upon concomitant incubation with mevalonate (244).

These experimental models have also translated to the clinical setting. In patients with non-ischemic
heart failure, there have been recorded decreases of inflammatory markers, including high-sensitivity C-
reactive protein and IL-6, with atorvastatin treatment (245). A similar reduction in inflammation with
simvastatin treatment occurred where there was also a measured increase in left-ventricular ejection
fraction (246). In peripheral blood mononuclear cells isolated from patients with hypercholesterolemia,
the original patient target for statin treatment, administration of statins led to a reduction in the expression
of a number of pro-inflammatory cytokines including IL-6, IL-8, and MCP-1 in both in vitro and in vivo
experiments (247). The JUPITER (Justification for the Use of Statin in Prevention: An Intervention Trial
Evaluating Rosuvastatin) trial was designed to objectively evaluate the anti-inflammatory properties of
statins. This was done in 17 802 patients with no history of cardiovascular disease and low cholesterol
levels. It was found that rosuvastatin was able to lower high-sensitivity C-reactive protein levels which
led to decreased incidences of major cardiovascular events (248). These observations indicate that
mevalonate produces compounds that enable a pro-inflammatory response; however, in pathologies where
inflammation is detrimental, statins have been shown to mitigate a more tolerant response (236). This is a
promising active area of research taking advantage of the pleiotropic effect of statins and their

modification of the mevalonate pathway.

1.3.2.4 Mevalonate Kinase Deficiency
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Although it appears that statin administration has been observed to be more beneficial than
detrimental to patients, it is important to keep in mind that there is not a complete cessation of mevalonate
production and its downstream products. Mevalonate kinase deficiency (MKD) is a congenital disease
resulting from an autosomal recessive error present in the MVK-gene responsible for transcribing
mevalonate kinase (249-252). There are two manifestations of disease resulting from mutations of this
gene: 1) hyperimmunoglobulinemia and periodic fever syndrome (HIDS), which involves brief
inflammatory episodes that may be accompanied by lymphadenopathy, hepatosplenomegaly, abdominal
pain, vomiting, diarrhea, arthralgia, myalgia, skin rashes, and mucosal ulcers (252,253), and 2) mevalonic
aciduria (MA), which recognized as the more severe form of MKD that is further characterized by
dysmorphic features and pre- and post-natal growth retardation (250,251,253). These patients have
mutations in both MVK alleles the majority of which result in a single amino acid change, although other
changes involve stop, frame shift, and splice mutants (254). The range of severity of the disease is thought
to be a result of the level of inactivity of the product of MVK, which is dependent on the types of
mutations present. It has been observed that residual enzyme activity of HIDS patients ranges from 1.8%-
28%, whereas MA occurs with residual enzyme activity is less than 0.5%; however there are no reports of
enzyme activity at 0% which is hypothesized to be lethal in utero (252,255). It is important to keep in

mind that these patients produce mevalonate, but not downstream isoprenoids.

Historically, it was thought that the build-up of mevalonate was the primary exacerbator of the
disease as it was found in increased levels in the urine during fever attacks and is less prevalent in the
urine in HIDS patients compared to MA patients (256). Statins were used to reduce the levels of
mevalonate in MA patients, however it was discovered that this further aggravated the symptoms (257).
There has been hope; however, as treatment with isoprenoid-like compounds geraniol or farnesol was
able to attenuate inflammation in animal models and ex vivo patient cells (258,259). The inflammatory
aspect of MVD is brought on by formation of an inflammasome complex; however it is still not clearly

understood how decreases in FPP or GGPP could be involved. It is hypothesized that, due to the lack of
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FPP and/or GGPP, small GTPases (which can be responsible for modulating inflammatory responses) are
unable to localize to the membrane. As a result, they accumulate within the cytosol of the cell where they
favour the GTP-bound active state and form autophagosomes which has been shown to regulate the
maturation and secretion of IL-1p (260-262). Another potential mechanism for increased inflammation in
MVD patients is mitochondrial dysfunction. This chapter previously discussed how CoQ10, a molecule
important in the mitochondrial electron transport chain, is formed downstream of mevalonate. Severely
depleted levels of CoQ10 could lead to mitochondrial dysfunction and release of mitochondrial ROS
which can activate inflammasomes (263). It is evident that complete, or even reduction of downstream
mevalonate products by less than 30%, can cause pathological pro-inflammatory effects which should be
noted when considering inhibiting mevalonate formation to utilize its pleiotropic effects when treating the

myriad of diseases statins have shown to positively affect.

Although inhibition of the mevalonate signalling pathway induces pleiotropic effects via statin
treatment, there is no doubt that statin treatment has been beneficial in lowering cholesterol and reducing
the number of cardiovascular events in the hypercholesterolaemic population. However, its effectiveness
in anti-fibrotic treatment is questionable and alternative therapies are required to effectively tackle
pathological fibrosis. It is important to note that, as evident in patients suffering from MVD, complete
cessation of mevalonate production should be avoided as its downstream products have been shown to be

essential in balancing inflammation.

1.4 MicroRNA

The molecular mechanism partially responsible for the phenotype transition of embryonic stem cells
differentiating into discrete cell types specific to various tissues throughout the body was discovered to be
small non-coding RNA molecules that silence RNA and regulate gene expression post-transcription
(264). The non-coding miRNA molecule is a hairpin precursor most commonly derived from introns of

protein-coding host genes transcribed by RNA polymerase II (265). The miRNA precursor then migrates
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from the nucleus to the cytosol and becomes activated by the enzyme Dicer, an RNase III endonuclease

(266).

1.4.1 Influence of miRNA on Pro-Fibrotic Cell Differentiation and Pathological Fibrosis

When injury occurs in the body, cells have to respond expeditiously in order to initiate immediate
healing to prevent further damage. As discussed previously, there are numerous cells within the body that
undergo a phenotype change in order contribute in fibrosis. These cells are then guided to the damaged
area by inflammation which promotes ECM remodeling. In most circumstances, this change occurs
rapidly as the cell essentially “switches” its phenotype. It takes time for a cell to undergo complete protein
translation based off of extracellular signaling that subsequently causes the activation of transcription
factors. Luckily, a type of recently discovered molecule, known as miRNA, could rapidly facilitate this
phenotypic “switch”, that essentially skips the translation step of protein synthesis. The miRNA molecule
is made up of 20-25 nucleotides derived from mostly non-coding regions of the genome that target
mRNA to fine-tune protein translation (31, 267). The first miRNA was discovered during the adult stage
of Caenorhabditis elegans where loss of the miRNA let-7 caused reiteration to larval cell fates, which
indicates that let-7 is necessary for the differentiation of adult cells (31). Furthermore, let-7 has also been
shown to be important in the reversion of adult fibroblasts back in adult MPCs (268). Activation of
miRNA is required for them to function effectively and this is done by the protein Dicer (269). In a study
where Dicer was knocked out, MPCs retained their mesenchymal identity indicating that miRNAs do not
necessarily govern cell identity but that miRNA processing is required for active differentiation,
suggesting its presence is critical for cell state transition (268). These data supports additional findings
that demonstrate the importance of miRNAs in regulating cellular transitions and physiological
robustness in various model systems (270,271). A specific miRNA has been identified as being crucial in
cardiac myofibroblast differentiation, namely miR-145 (38). This particular miRNA was initially
identified as a regulator of smooth muscle cell differentiation. Understanding how miR-145 influences

myofibroblast differentiation led to research focusing on a-SMA filaments. When treated with miR-145,
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a-SMA positive cells readily formed stress filaments and were organized in parallel actin-filament
bundles, permitting cellular contractility that was comparable to fibroblasts treated with TGFB1 (38). In
addition, fibroblasts expressing miR-145 migrated to a comparable degree as fibroblasts treated with
TGFp. Expression of the essential ECM protein collagen was also assessed, with miR-145 treated cells
showing comparable decreases in pro-collagen 1Al and pro-collagen 1A2 but significant comparable
increases in mature collagen 1A1 and collagen 1A2 production. The natural design of miRNA allows it
have the potential to have numerous downstream targets, however researchers were able to identify KLF5
as a critical target for myofibroblast differentiation. KLFS5 is instrumental in cardiovascular remodeling,
particularly in smooth muscle cells, as it activates platelet-derived growth factor A/B, Egr-1, plasminogen
activator inhibitor-1, inducible nitric oxide synthase, and vascular endothelial growth factor (272).
Whether miR-145 is the sole miRNA to facilitate the fibroblast to myofibroblast transition is yet to be
determined. Not only can miRNAs cause differentiation of fibroblasts to myofibroblasts, they are also
critical in the de-differentiation of human fibroblasts. As Nobel Prize winner Yamanaka demonstrated,
fibroblasts can be reprogrammed back into an embryonic-like phenotype (273) and this discovery
prompted several scientists to look at various aspects of this phenomenon. Two miRNA that were found
to promote the reprogramming of human fibroblasts to inducible pluripotent stem cells were miR-302b
and miR-372 (274).

The expression of several miRNAs, including several let-7s, miR-1, miR-133a, miR-133b, miR-19a,
miR-19b, miR-150, miR-195, miR-199, miR-221, miR-23a, miR-23b, miR-29a, miR-29b, the miR-30
family and miR-320, are either increased or decreased during heart failure which highlights the
complexity of this pathology (275). The majority of the research focuses on the most expressed miRNA
in the heart is miR-1, which accounts for 40% of all cardiac miRNAs (276). Upon transfection into
embryonic stem cells, miR-1 enhanced cardiomyocyte differentiation by modulating the PTEN/AKt
pathway (277). It also plays a role in the regulation of the cardiac conduction system, in part by
controlling the expression of connexin 43 (278). It has been shown to have differential expression based
on the whether or not the heart is succumbing to short-term injury such as ischemic injury, where it is up-
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regulated, or long-term injury such as hypertrophy and heart failure, where it is down-regulated (275).
One of its downstream targets is the cytoskeletal regulatory protein twinfilin-1 whose inhibition evokes
cytoskeleton-regulated hypertrophy (279). Its potential role in fibrosis has yet to be elucidated although,
due to its high expression in the heart, it is unlikely that it is a bystander during pathological cardiac ECM
remodeling. MiR-133a may be more directly implicated in fibrosis as its increased expression prevented
both fibrosis and apoptosis in an animal model of transaortic constriction (TAC) (34). It did not affect
hypertrophy in either the TAC model or in isoproterenol-induced hypertrophy. An additional miRNA of
interest is miR-208a because, when it is knocked out in a TAC model, there is negligible hypertrophy of
cardiomyocytes or fibrosis detected (35). In a different study evaluating miR-208a, it was found that in
areas associated with interstitial fibrosis, there was miR-208a expression which occurred concurrently
with a decrease in connexin 40, indicating that there might be a link between miR-208a, cardiac
conduction, and fibrosis (36). Unfortunately, there is little evidence on how these miRNA vary among
patients.

Additional miRNA regulators of cardiac fibrosis, miR-24, miR-21, and miR-29, are found to
influence direct pro-fibrotic cell activity (37, 280-283). Expression of miR-24 in fibroblasts has been
correlated with the degree of fibrosis in hypertrophic hearts (284). Post-MI, miR-24 is down-regulated
only after an initial week of peaking where its increased expression is parallel with the levels of collagen-
1, fibronectin, and TGFB1 (37). When delivered in vivo, miR-24 reduces cardiac fibrosis, in part, by
decreasing collagen-1 protein expression. Not only is miR-24 expressed in fibrocytes, it is also found to
decrease the expression of a-SMA, a myofibroblast marker (37). One of the downstream targets of miR-
24 is furin, a regulator of the TGFP pathway that acts by proteolytically maturing TGFp. This activity
correlates with the observation that TGFB-1 treatment up-regulates miR-24 expression in a time- and
dose-dependent manner (37). Both miR-21 and miR-29 have been identified in cardiac fibroblasts, where
their expression is greater than that measured in cardiomyocytes (280,281). Over-expression of miR-21 in
the heart results in reduced infarct size after ischemia reperfusion injury with preserved ejection fraction
and decreased collagen deposition (284), in addition to promoting fibroblast survival (282,283).
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Conversely, knock-down of miR-21 attenuated interstitial fibrosis and cardiac remodeling after aortic
banding (283). In the myocardial infarct border zone, miR-21 was upregulated, inhibiting PTEN
expression, which resulted in up-regulation of MMP-2 expression (282). As mentioned previously, miR-
21 is also involved with fibrogenic EMT of epicardial mesothelial cells (145). Finally, a very popular
miRNA of interest in the fibrosis literature is miR-29, which regulates a subset of fibrosis-related gene
expression including many collagens, fibrillins, laminins, integrins, and elastin (281). When down-
regulated, there is an increase of these ECM proteins found which is then attenuated with over-expression
of miR-29. In humans, miR-29 expression was decreased in areas adjacent to the infarct zone of the heart
(281). Although inhibiting miR-29 would be an ideal therapeutic target to prevent pathological ECM
remodeling, it also regulates several anti-apoptotic genes including Tcl-1, Mcl-1, p53, and CDC42 (284-
286). Figure 1.1 Illustration of the various effects of miRNA in fibrosis. The continuing investigation of
how miRNAs are involved in both physiological and pathological ECM remodeling is an additional
therapeutic target that could be utilized in combatting fibrosis, not only within the heart, but in other

fibrotic diseases as well.
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Figure 1.1 Schematic diagram of microRNA formation mechanism and roles of specific microRNAs
involved in cardiac fibrosis (mRNA: messenger RNA, Pre-miRNA: pre-microRNA, miRNA-RISC: RNA-

induced silencing complex)

Miiller AL, Freed DH. Cardiac Fibrosis & Heart Failure: Cause or Effect? Eds Dixon IMC, Wigle JT. Springer 2015.

Dicer
l Processing

miRNA-RISC
Complex

A han Translationally repressed/

3T T degraded mRNA

Cytasol
miR-145 /
Induces myofibroblast
differentiation
miR-29
?Expression prevents
miR-133a, miR-24 miR-208a miR-21 fibrosis & regulates anti-
Expression prevents Expression prevents Promotes fibroblast apoptotic genes in
fibrosis fibroblasts

fibrosis survival

29



1.5 Extracellular Matrix

Although archaically viewed as the architectural framework determining the shape and structure of
multi-cellular organs, the ECM has proven to be dynamically involved in organ function (and
dysfunction) as well. The ECM is a highly complex and organized network composed of a variety of
proteins with unique physical properties that complement specific organ function. Structural proteins
including proteoglycans, fibronectins, laminin, and fibrillar collagens type I and III provide the
scaffolding for the cells residing in the heart (287-291). There are three major components of ECM where
varying quantities allow for tunability of the ECM depending on its function within the tissue (292).
Proteoglycans, such as heparin and keratin sulfate, are highly viscous and provide cell cushioning. They
consist of a core protein where glycosaminoglycans (GAGs) covalently attach. These GAG chains are
long, negatively-charged polysaccharides that vary in size depending on the tissue. They are able to
interact with growth factors, cell surface factors, cytokines, and chemokines, and various ECM molecules
which lends to their dynamic roles within the ECM including signaling, proliferation, migration, and
differentiation (292-295). Secondly, the varieties of insoluble collagen fibres provide resilience and
strength to the ECM. Finally, a numerous different ECM proteins, including laminin and fibronectin, link
proteoglycans and collagen fibers to cells by binding them to receptors on the cell surface. Although
cardiomyocytes encompass the majority of spatial volume within the heart, the most numerous cell type
in the heart are cardiac fibroblasts (296,297). In healthy myocardium, they are responsible for maintaining
the cardiac ECM as well as responding to biochemical, mechanical, and electrical signals (298,299).

Collagens make up the majority of ECM proteins in the heart and require intracellular cleavage
processing before being secreted by cardiac fibroblasts and myofibroblasts into the extracellular space. In
order to provide sufficient tensile strength, secreted collagens are cross-linked into fibres by lysyl oxidase
(300-302). The stiffness of the myocardium is the result of the ratio of collagen type I to collagen type III
fibres (303). Collagen type I, a triple helix-shaped protein made up of a 2:1 ratio of Collal to Colla2,
provides the myocardial stiffness. Collagen type III are thinner helices, formed from three molecules of
Col 3al (304-306). This ratio is significantly skewed during pathological fibrosis as more collagen is
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produced to replace necrotic tissues in wound healing. Fibronectin, a glycoprotein, is another major ECM
protein whose homeostatic activity alters when exposed to a pro-fibrotic response. It exists as a
homodimer of two 250 kDa monomers where alternative splicing may yield more than 20 different
isoforms (307). In response to cardiac damage, increased levels of the extracellular domain-A splice
variant of fibronectin (ED-A FN) are found and can trigger fibroblast activation into myofibroblasts and
wound closure (308). Upon cleavage of fibronectin, an Arg-Gly-Asp (RGD) motif is exposed and
subsequently recognized by intregins to alter cell migration, proliferation, adhesion, and even survival.
Utilization of this interaction has been used in biomaterial development to create functional, biomimetic
research tools (309,310).

The web-like nature of the ECM facilitates storage of cell signaling molecules, including cytokines
and growth factors that are released upon proteolytic cleavage or mechanical disruption of ECM
components (311). These molecules are store in their associated latency complexes that, upon release, are
able to rapidly respond to stimuli rather than depending on starting an intracellular signaling cascade to

cause production (312-315).

1.5.1 Extracellular Matrix Influence on Differentiation

ECM proteins have recently come to light as influential in determining cell behavior (40). Much of the
influence is a result of mechanical force being projected onto the cells and how this changes in an in vivo
setting. This is because forces are able to be channeled along discrete molecular filament networks that
connect the ECM to molecules within the cell. This allows forces to be concentrated on specific
molecules in discrete locations within the cell without necessarily affecting the entire structure of the cell.
These stresses have the ability to mechanically alter the conformation of proteins influencing the kinetics
of protein-protein or protein-ligand binding in living cells (316). One of the most prominent ways that
mechanical stress influences differentiation is the interaction between the ECM and integrins where a
molecular “slip-bond” is created by small changes in cytoskeletal tension on closely packed integrins

where several bonds are formed to stabilize the focal adhesion complexes that mechanical couple
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integrins to the actin skeleton (317,318). Innovative work studying the interaction between ECM and the
cardiomyocyte cell surface showed that integrin proteins allow developing cells to attach to specific ECM
components (314). Integrin proteins bind to highly conserved ECM protein adhesive sequences, including
RGDs (317). The influence of the ECM happens as early as embryogenesis where manipulation of
hyaluronan can coax embryonic stem cells (ESCs) to increase expression of cardiac lineage-promoting
genes (319). Adherence to specific ECM proteins, such as endogenous collagen, is crucial to ECs
development along mesodermal lineages and is not able to be rescued by introduction to exogenous type I
collagen (316). Cell-matrix interactions can regulate ESC differentiation. In a pro-fibrotic environment,
versican secretion from arterial smooth muscle cells is increased in atherosclerotic and coronary
restenotic lesions (320). Versican can actually inhibit fibroblast adhesion and is not found in areas of
focal adhesion formation (321,322). When understanding MPCs attraction to fibrotic areas, researchers
investigated the CD44-hyaluronic acid (HA) interaction, initially used for activated T-cell extravasation
into inflammatory areas (323). Upon deletion of CD44, suppression using an anti-CD44 antibody, and/or
by CD44 small-interfering RNA (siRNA), MPCs were unable to interact with HA indicating that the
CD44-HA interaction could be part of the interaction that draws MPCs to damaged areas (324). HA is
also important in 3D cardiac organoid development as demonstrated by Khademhosseini et a/ who used
microfluidic patterning techniques to create HA-based micropatterns that enabled the creation of
contractile cardiac organoids (325). In healthy hearts, cardiomyocytes are surrounded by collagen types I,
IV, and laminin, although when ECM extracted from cardiac fibroblasts, it consists of collagen types I
and III, laminin, fibronectin, proteoglycans, and glycoproteins. During development of human embryoid
bodies, there was an increase in both fibronectin and laminin expression within the first 5 days of
differentiation (326). Further understanding of the significance of laminin in embryonic cardiomyocyte
differentiation was evaluated in a dose-dependent manner by using semi-interpenetrating polymer
networks of collagen and laminin. Increased concentration of laminin facilitated a parallel increase in
cardiac differentiation (327). This collection of ECM proteins actually encourages structural maturation
and beating rates of embryonic stem cell-derived cardiomyocytes (328). An additional ECM protein is
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noted to be required for cardiomyocyte development is secreted protein, acidic and rich in cysteine
(SPARC), where its administration resulted in nearly 100% of embryonic stem cells increasing gene
expression of cardiomyocyte-specific genes, Nkx2.5, BMP-2, and MHCa as well as beating
cardiomyocytes (329). Collagen inhibitors used on embryonic bodies prevented cardiomyocyte
differentiation, as it provides mechanical stability necessary for contractility (330-332).

Not only are there specific components of the ECM influence pro-fibrotic cell differentiation, the
physical properties, such as ECM stiffness, are also important to consider. Mechanotransduction, where
cellular and molecular processes are stimulated by mechanical stimuli that have been converted into
biochemical signals, describes the phenomenon that influences differentiation. One of the earliest
examples of how ECM influences differentiation was noted in mouse mammary epithelial cells where
growth on a soft substrate facilitated increased differentiation compared to cells grown on stiff plastic
dishes (15). Differentiation of cardiomyocytes on surfaces of 10 kPa, close to native myocardium,
demonstrated the largest calcium transients, sarcoplasmic calcium stores, and better aligned sarcomeres
(333). In diseased myocardium, there are more pronounced ECM crosslinks and the myocardial elastic
modulus increases from 16 kPa to 32 kPa, 53 kPa, and 90 kPa at one, two, and three weeks post-
infarction, respectively (334,335). There is an optimal ratio of matrix to cell elasticity that governs stress
fiber anisotropy as a result of matrix stiffness influencing acto-myosin assembly and contractile forces
(336). Non-muscle myosin II (NMMII), a phosphorylation-regulated filament-forming actin crosslinking
protein, can exert force on the ECM as well as receive resistance feedback. This interaction can modify
the organization and assembly of bundled actin filaments, called stress fibers, within contractile cell types
including stem cells (40,337,338). In addition, a phenomenon coined ‘durataxis’ describes a specific
cellular behaviour, originally observed in MPCs, where differential stiffness of a substrate will actually
draw cells towards it. This phenomenon is NMMII-dependent where NMMII-B is unpolarized on soft
substrates, but polarizes at the rear of the cell upon cell migration to a stiffer substrate that is signaled by
the assembly of NMMII-A into stress fibers. This same research determined that MPCs will differentiate
in response to ECM elasticity cues (339-341).

33



Mechanical stress experienced by the cytoskeleton can influence gene expression of influencing
chromatin organization. This is achieved by transduction of stress signals by the cytoskeleton of the cell
to the nuclear envelope made up of the lamina (342). The nuclear lamina is a network composed of
intermediate filament proteins of A- and B-type lamins. This LINC complex (“linker of nucleo- and
cytoskeleton”) is involved with the mechanical transference of signals from the cytoskeleton via nuclear
membrane proteins called nesprins (343,344). Actin filaments in the cytoplasm connect to nesprins
through their N-terminal domain and to SUN (Sadlp, UNC-84) proteins through their C-terminal domain
(345). Upon disruption/deletion of these LINC complexes there is impaired cell function which can lead
to clinical manifestations including Emergy-Dreifuss muscular dystrophy and Hutchinson-Gilford
progeria syndrome (346). It is evident that interactions between the ECM and cytoskeletal proteins
influence cell function which includes differentiation.

1.5.1.1 Stem Cell Differentiation

The importance of extracellular matrix physical properties on influencing differentiation was
observed as early as 1979 by Emerman et al (15). Their study noted that a flexible collagen substrate was
a crucial component required for mammary epithelial cells to obtain an optimal shape required for
differentiation into secretory cells. The importance of physiologically-relevant ECM is emphasized by
anoikis, where cells undergo apoptosis if they lack appropriate ECM signals (347). This is especially
crucial for understanding stem cell physiology, as their ability to maintain their differentiation phenotype
is dependent upon the signals and ECM components of their niche (348,349). This was eloquently
demonstrated by Discher’s group in their ground-breaking study which deduced that, by merely altering
ECM stiffness, one can influence differentiation of mesenchymal progenitor cells (MPCs) into distinct
cell types that reside in physiological environments with vastly different stiffnesses (40). MPCs can sense
compressive, shear, or tensile stresses due to the deformation of the surrounding matrix via
mechanotransduction pathways (351-352). Dependence on the ECM for differentiation cues starts at
development, as embryonic stem cells (ESCs) are more elastic and sensitive to local stresses (353-355). It
has also been observed that ECM properties that influence MPC differentiation also influence ESC
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differentiation (355,356). The Nobel-prize winning development of the technique creating inducible
pluripotent stem cells (iPSCs), which behave similar to ESCs, are also influenced by ECM properties.
During their development, iPSCs needed to be co-cultured with fibroblast feeder cells, which are the key
cells in ECM formation, degradation, and maintaining its homeostasis (273). In order to differentiate
iPSCs into intended cell types, they must receive targeted, controlled signals reminiscent of their in vivo
environment. For example, key ECM proteins, such as laminin, were used to facilitate differentiation of
iPSCs into functional retinal pigmented epithelium (357). Understanding ECM cues that stem cells utilize

to determine their differentiation is crucial in the development of tissue regeneration technologies.

Embryonic Stem Cells

ESCs are the source of all the information to build an individual, which originate from the inner cell
mass of a blastocyst (358). Their stunning ability to differentiate into the hundreds of different cell types
within the body has to be tightly controlled in order to successfully grow into a functioning human
organism. The first distinct lineage of differentiation is determined by the formation of three germ layers:
endoderm, mesoderm, and ectoderm (359). By recapitulating biochemical cues present in embryogenesis,
investigators have effectively differentiated ESCs into specific cell types from each germ layer including
pancreatic cells (360), cardiomyocytes (361), motor neurons (362), and hepatocyte-like cells (363) in a
laboratory environment. However, many cell types evaluated do not reach their complete, mature
phenotype as it is evident that biochemical cues alone are insufficient (359,364). In vivo, it is an exquisite
combination of biochemical, structural, physical, and sometimes electrical cues that maintain a stem cell’s
niche and direct its differentiation. ECM is an essential component in providing many of those cues, not
only in maintaining the stem cell niche, but also in directing ESC differentiation (365). It has even been
observed that mechanical cues of force being applied to the cell surface can affect tissue patterning by

reorienting the cell division plane (366).
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ESCs and ECM work cohesively in dynamic reciprocity (367), where cells are responsible for
secreting ECM proteins while the ECM regulates cells’ behaviour and they work together to remodel
ECM (368,369). Due to their increased elasticity, ESCs are significantly more sensitive to local stresses
so in vitro conditions must closely resemble in vivo conditions to precisely and accurately influence ESC
differentiation (370,371). Inspired by Engler et al’s (40) pioneering research, it was demonstrated that
ESCs can also be influenced by substrate stiffness alone, as highly rigid substrates promoted early
mesoderm and cardiomyocyte differentiation in both human and mouse ESCs (372). As mentioned
previously, these interactions occur via integrins which are specific to cell and tissue type (373). Integrins
nonspecifically bind ECM ligands with intracellular cytoskeletal proteins inducing a conformational
change which initiates downstream signaling (374). This mechanism has been shown to be especially
crucial in regulating embryogenesis; however, it is incompletely understood (375). The initial step of
differentiation determines whether ESCs will become endoderm, mesoderm, or ectoderm. For example,
the ECM protein laminin supports definitive endoderm differentiation (376) which results in a difference
of expression of 11 integrin a subunits and 8 integrin § subunits. The human fibroblast-generated ECM
substrate GoGel supported ESC differentiation into hepatocyte-like cells, an endoderm lineage (377). The
integrins that bound to GoGel were a3p1, a6p1, and a7p1, of which a3B1 has a high affinity for laminin.
(378-380). In addition, the regulation of TGFp by integrin aVB5 is important for the differentiation and
maintenance of definitive endoderm differentiation (381) where crosstalk between integrins, hepatocyte

growth factor, and TGFB-SMAD signaling is important to facilitate hepatic differentiation (382).

One of the most highly sought after endoderm tissues for differentiation are islet cells to restore beta-
cell mass to treat type I diabetes. One of the key pancreatic differentiation signals was mediated by
laminin a5 transduced by integrin receptor 1 (383). In addition, the collagen IV/fibronectin/laminin ratio
of 1:3:3 has been observed to be crucial in the differentiation of ESC-derived pancreatic cells into insulin-
producing cells (384). In summary, for endoderm cell differentiation, laminin substrates are mediated by

integrins aV and B5, and further differentiation towards pancreatic or hepatic lineages relies on integrin
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B1 (364). In mesoderm development, it has been observed that fibronectin and laminin are present in the
inner cell mass, and that mutation of integrin a5 causes mesoderm defects (389,390). It was also
demonstrated that a combination of both a5Bf1 and a6P1 integrins were required for mesoderm
differentiation (363). Cardiomyocytes are derived from the mesoderm lineage and their differentiation
from ESCs can be stimulated by upregulation of integrin a6A expression (387). Cardiac fibroblasts are
responsible for maintaining cardiac ECM and secrete collagen types I and III, laminin, fibronectin, and
proteoglycans, which have been show to significantly influence cardiomyocyte differentiation from ESCs
(388,389). The 7:3 ratio of fibronectin:laminin also seems to significantly promote ESC-derived
cardiomyocyte differentiation (390,391). Utilizing this specificity of ECM components in cardiomyocyte
differentiation and maintenance is significantly more effective relative to gelatin (363), which further
stresses the importance of how variances of ECM and the extracellular environment influence ESC
differentiation. Furthermore, differentiation of ectoderm tissue into various neural lineages requires
unique ECM proteins to encourage specific cell fates. For example, when ESCs are cultured as embryoid
bodies on collagen-coated substrate they favour neural differentiation and neurite outgrowth, whereas
fibronectin and laminin coated substrates promoted oligodendrocyte formation (391). The a3 integrin has
been shown to be crucial in ESC neural differentiation as deficiency of this subunit is correlated with

defective neuron migration (392).

In autonomic nervous system formation, interaction between the Pl integrin with laminin and
fibronectin is important in the migration and maintenance of neural precursor cells (393). In Goh et al.’s
study (394), they found that the ECM components polyornithine-laminin followed by polyornithine-
laminin-fibronectin, can bind a specific arrangement of integrins critical for the differentiation of specific
neural crest lineages. One technique that has been used to encourage differentiation of ESCs is nano-
etching. Neuronal differentiation of ESCs was achieved by growing cells using nanogrooves (350 nm
wide ridges/grooves with 500 nm depth) without induction reagants (395). Skin is also derived from the

ectoderm, where key interactions in keratinocytes occur between a2f1-collagen IV, -collagen IV, a3p1-
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laminin 331/511, and a6f4-laminin 331/511 (396). This differs from melanocytes where a6f1-laminin

and a2, a3, and avB3-collagen IV (397).

Numerous studies evaluating the effect of the extracellular environment in ESC differentiation
highlight their sensitivity to their niches and how important it is in developing the complex tissues of the
human body. Understanding the cellular mechanisms involved in determining differentiation is crucial
when performing experiments in a laboratory setting in order to optimize stem cell therapy and tissue
engineering processes. Understanding and subsequently extrapolating upon how ESCs are influenced by
their ECM has advanced laboratory techniques and enabled scientists to expand their research of stem
cells without relying on ESCs obtained from controversial sources which was impeding progress.
Preliminary research of ESCs has provided the opportunity to better understand and manipulate adult

stem cells as well as led to the discovery of embryonic-like inducible pluripotent stem cells.

Inducible Pluripotent Stem Cells

Inducible pluripotent stem cells (iPSCs) behave like ESCs but are derived from differentiated adult
cells. In 2006, Yamanaka’s group (275) developed iPSCs from skin fibroblasts using transcription factors
Oct3/4, Sox2, c-Myc, and Klf4 under ESC conditions. These iPSCs demonstrated ESC behaviour upon
transplantation into nude mice resulting in tumours containing tissue from the three developmental germ
layers, endoderm, mesoderm, and ectoderm. This ground-breaking discovery opened entirely new
possibilities for tissue regeneration and stem cell therapy as it provides the opportunity for autologous
transplant. However, the dramatic conversion of somatic cells to iPSCs and then subsequent
differentiation into a target tissue type has repercussions. Reprogramming in ESCs and iPSCs causes a
metabolic shift from oxidative respiration to oxidative glycolysis. This leads to an increased leakage of
electrons into the cytoplasm causing oxidative stress which elevates levels of oxidative DNA damage and
ROS (394,395). iPSCs also experience de novo genetic variants as a result of reprogramming that could

impact phenotype stability, including chromosomal aberrations, aneuploidy, sub-chromosomal copy
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number variations, and single nucleotide variations (400-404). A more thorough review regarding the
effect of how genetic instability influences iPSC differentiation was written by Turinetto et al (364),
although the main point to note that this variability caused by iPSC generation and subsequent
differentiation increases their propensity to become teratomas which has a significant negative clinical

impact (405,406).

One of the most influential aspects that contributes to iPSC complications involves techniques for in
vitro culturing. For example, hypoxic culture conditioning reduced oxidative stress, prevented DNA
mutation accumulation and differentiation, promoted cell survival, and improved the efficiency of iPSC
generation (407,408). The effectiveness of culturing iPSCs in hypoxic conditions should come as no
surprise considering that the preliminary stages of ESC differentiation occur under hypoxic conditions
beginning at implantation and continuing throughout fetal development (409). Stem cell niches are
located deep within tissue where there are concentration gradients of various influential factors including
oxygen, ions, growth factors, chemokines and/cytokines. This organization helps influence differentiation
of daughter cells which respond to this gradient which is often more dynamic and complex than the more
static ECM of target tissue (410). One of the biggest challenges of iPSC culture is maintaining a naive
state, which is done most effectively by a feeder layer culture or Matrigel® coated surfaces. However,
this technique is challenging to translate to a clinically efficient protocol as it is much more costly to
achieve a relevant number of iPSCs (often 10-1000 million cells/patient) (411,412). Nano-etching may be
an effective alternative as iPSCs grown in nanogrooves (350 wide; 300 nm tall) exhibited an increased
expression of neuronal marker expression, indicating the influence of topography in influencing
differentiation (413,414). This technique was shown to be effective in cardiomyocyte differentiation of
iPSCs where nanotopographic substrates were integrated with the cell adhesion motif Arg-Gly-Asp
within a chimeric peptide. Cardiomyocyte structural development and organization was dependent on
nanotopographical feature size in a biphasic manner within the 700-1000 nm range (415-417). These

studies indicate the importance of niche topography in the differentiation of two unique cell types that
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originate from different developmental layers. It was recently published that the pluripotent state of iPSCs
could be maintained by small feature size, high wave number, and high feature density while being

culture in xeno-free medium (418).

Cell adhesion molecules have also been shown to be important in iPSC self-renewal and pluripotent
states. E-cadherin, which is important in regulating the pluripotent state of ESCs, contributes to increased
reprogramming efficiency of human keratinocytes already expressing E-cadherin compared to human
fibroblasts and also that E-cadherin is necessary for the self-renewal of iPSCs (419,420). Expression of E-
cadherin, Sox2, KIf3, and c-Myc were shown to be sufficient for iPSC reprogramming without Oct4
indicating that E-cadherin’s contribution to spatial and mechanical input influences cell fate (421). With
regards to integrins, human iPSC lines cultured on Matrigel® and vitronectin express integrins
comparable to those of hESCs, except for increased expression of a5, a6, aV, Bl, and B5 (422).
Experimental analysis determined that f1 was essential for adhesion to the Matrigel® ECM and
subsequent proliferation while integrin aVB5 was necessary to attach to vitronectin (422). Myogenic
progenitor cells derived from iPSCs also show increased expression of integrin a9f1 (423). In a gelatin
scaffold with bone morphogenetic protein-4, iPSCs showed a dramatic loss of a3 and a6 integrins but
highlighted the importance of al integrin as part of a signaling cascade in early ondotoblast-like cell
differentiation (424). Further analysis regarding the interplay between integrins and ECM in determining
iPSC differentiation needs to be explored in order to encourage differentiation akin to ESCs to reduce the
probability of teratoma formation and increase the efficacy of iPSC differentiation for cell therapy and

tissue engineering treatments.

Adult Stem Cells

Sensitivity to the extracellular environment is also important in adult stem cell differentiation as they
are responsible for overall maintenance of the body. Stem cells of particular interest in health research are

MPCs because they are the easiest to procure clinically, thus making those ideal candidates for stem cell
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therapy and tissue engineering applications. MPCs are responsible for maintaining osteogenic,
chondrogenic, and adipogenic tissues which vary vastly in both niche biochemistry as well as

extracellular stiffness (40).

There are many physical forces within the human body that cells experience including compressive,
tensile, and shear stress (425). These various stresses can influence differentiation. For example, it is
known that fluid shear stress in rhe vascular system is necessary in differentiating MPCs to vascular
endothelial cells which are constantly exposed to shear stress within the cardiovascular system (426). In
an experiment evaluating the effect of shear stress on MPC differentiation it was found that both
intermittent and continuous shear stress increased expression of cardiomyocyte-related markers without
the influence of any growth factors (427). Shear stress also influences osteoblast differentiation from
MPCs by modifying the actin cytoskeleton (428). MPCs have the ability to differentiate into osteoblastic,
chondrogenic, and adipogenic lineages are known to vastly differ in their actin cytoskeleton alignment.
Osteoblasts have a stiffer cytoskeleton with increased focal adhesions compared to the thinner and more
dispersed actin cytoskeleton of chondrogenic and adipogenic differentiation which is influenced by
mechanical stimulation (429). Mechanical stress alone has also been shown to influence differentiation of
MPCs where tensile loading of 2.5% at 17 Hz initiated osteogenic differentiation (430), cyclic tensile
loading of low amplitude (0.5%) at 0.5 Hz induced neuronal differentiation (431), and strain magnitudes
of 10% at 1 Hz stimulated cardiomyocyte differentiation (432). As mentioned previously, changing the
nano-geometry of the surface where stem cells grow also influences their differentiation. MPCs grown on
a flat surface encouraged differentiation into osteo-like cells whereas MPCs grown on a grooved surface
leaned towards a more smooth muscle cell-like phenotype (433). Compression of MPCs has also been
demonstrated to be just as effective as TGF-p treatment when stimulating chondrogenic differentiation of
MPCs (434) by regulating p38 kinase phosphorylation in a less “slow and lagged” manner compared to
differentiating medium (435). In some cases, the same signaling molecule can yield different progenitor

cell differentiation when they are grown on plates of varying stiffnesses. This was demonstrated by Park
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et al (436) when MPCs were cultured on soft and stiff substrates and treated with TGFf. The expression
of smooth muscle cell (SMC) markers were increased on cells grown on the stiff substrate whereas
chondrogenic markers were increased on cells grown on the softer substrate where there was weaker focal
adhesion due to decreased stress-fiber formation. In some situations, the influence of mechanical stresses
can supersede growth factors as demonstrated in a study by Kim et al (437). When MPCs are grown in
endothelial growth factor medium and exposed to low shear stress (2.5 dyn/cm?), which regulates MPC
differentiation into ECs, and high shear stress (10 dyn/cm?), which favours SMC differentiation, the
MPCs exposed to higher shear stress grown in endothelial growth factor media still differentiated into
SMCs. This experiment determined that shear stress was more influential in catalyzing the morphological

change and influencing cytoskeletal rearrangements than a chemical signal.

Integrins play a crucial role in determining differentiation of adult stem cells as well. Ratios of
integrin binding is important in both 2D and 3D culturing of MPCs where stiffer substrates require
integrin binding in order to differentiate into osteogenic lineages; however, integrin binding has been
shown to be less important in the differentiation of adipogenic and neurogenic lineages on softer
substrates (438,439). When evaluating integrin binding concentrations compared to increased matrix
stiffness, there is a bell curve distribution with the hydrogel stiffness and peak integrin bond formation
happening optimally for osteogenic differentiation (438). MPCs grown on a stiff substrate is regulated by
the 02 integrin which activates the FAK, RhoA/ROCK, and ERK1/2 pathways facilitating osteogenesis
whereas the 1 integrin is important in neurogenic differentiation of MPCs grown on softer substrates
(40, 438). Inhibition of a2 integrin expression and subsequent FAK inhibition decreased osteogenesis
(440). There are also proteins responsible for creating a connection between the nucleus and the actin and
microfilaments of the cytoskeleton called the LINC complex (343). In response to extrinsic and intrinsic
mechanical signals, the nuclei of MPCs deform which initiates the transduction of signals to the lamins
present in the nuclei. These lamins provide support for a variety of nuclear proteins involved with gene

expression including DNA replication and transcription (441-443). The mechanism behind this
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phenomenon requires further study but does help illustrate the important influence of mechanical stress on
the genetic expression of cells, especially stem and progenitor cells whose gene expression facilitates

differentiation causing phenotype change.

As indicated by numerous experiments, it is evident that mechanical stresses induced by the ECM
and the niche environment of stem cells are important in determining differentiation. Integrins provide a
crucial link between ECM proteins and the cellular cytoskeleton and transmit mechanical stresses that,
alone, can stimulate differentiation as effectively and sometimes more so, than chemical signaling. This
becomes especially important when considering the difference between healthy and damaged ECM and

how those environments influence stem cell differentiation.

1.5.2 Extracellular Matrix Scaffolds

Tissue engineering has the potential to repair and replace damaged tissue in order to functionally
reconstruct numerous organs throughout the body including skin, bone, nerve, liver, kidney, and other
tissues (444). Currently, there are a few commercially available ECM-derived biologic scaffolds derived
from a variety of tissue including porcine, fetal bovine and human skin, porcine small intestinal
submucosa and urinary bladder matrix, and bovine and equine pericardium (445). One of the largest
hurdles for tissue engineering is the 3 dimensional nature of tissue, which differs greatly from
conventional 2 dimensional culture methods. Instead of growing tissue on culture dishes, there has been
an emergence of using extracellular matrix scaffolds to encourage 3D cell growth and better mimic a
physiological environment as it provides mechanical properties and structural support for cell attachment
and tissue development (446). This method has significantly grown and improved since the development
of a variety of different techniques including 3D printing, which utilizes various ECM protein and/or
cellular ink to build 3D scaffolds, or decellularization of native ECM tissue. The flexibility of 3D printing
allows for customized scaffolds to be developed, some of which may only utilize one ECM protein while

other scaffolds can be built using a variety of ECM proteins in order to closely represent niche
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environments of various tissues. Another important feature of ECM matrices is that they have a tunable
rate of biodegradation composed of non-toxic byproducts in the body that compliments the rate of tissue
regeneration (447). As tissue regeneration will be used to repair/replace damaged tissue, it is important

that ECM scaffolding has low immunogenicity that will not exacerbate the healing process (444).

1.5.2.1 Single ECM Protein Scaffolds

Collagen

The most popular protein used in ECM scaffolds is collagen, as it makes 25-35% of the total mass of
protein in the human body and is a major component of the ECM (448,449). Because of its fibrillar
nature, collagen is able to create networks of varying porosities and fiber diameters where its distribution
varies depending on the tissue it is providing structural support to. For example, in small intestinal
submucosa, collagen is in a spiral arrangement to support peristaltic movement; however, collagen is
linearly aligned with tendons and skeletal muscle to impart strength and stability (450,451). Despite its
abundance, compared to other ECM proteins, it forms physical hydrogels with weak mechanical
properties unless additional cross-linking occurs after 3D printing either by formaldehyde,
glutaraldehyde, or transglutimase. It is also difficult to sterilize as heat alters its fibrillar structure and it
also shrinks in response to cell activity (452-455). Because of its subpar mechanical stability, 3D collagen
structures are typically printed in preformed molds or inside other materials that serve as a support
(456,457). Despite these complications, 3D printed collagen has been used in a variety of applications
including printing models for 3D biological studies, tissue assays, modeling disease, and drug testing. It
has also been used to build constructs, bone regeneration, skin grafts and mimics, corneal epithelium
scaffolds, and neural tissue engineering illustrating its versatility in tissue engineering ventures (458-464).
Collagen scaffolds are even able to printed using inkjet printing technology by slightly modifying either
Hewlett Packard 550 or Canon Bubble Jet printers using a collagen type 1 solution at 1 mg/mL (465-467).

More commonly, in-house developed machines applying a 3D printing system using an electromechanical
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microvalve with low pressure is utilized; some have even been integrated with an advanced imaging
system to be able to image cells inside 3D printed structures using a mesoscopic fluorescence molecular
tomography imaging system (459,468). It should be noted that, due to its weak mechanical properties,
pure collagen does not print well and is now commonly printed with soluble polymers or particles to form

composite materials (469).

Fibrinogen

Fibrinogen is a glycoprotein popular in the use of building 3D scaffolds as it plays a natural role in
wound healing, in addition to cell-matrix interactions and inflammatory reactions (470,471). When
activated by serine protease thrombin it becomes fibrin which stabilizes in the presence of calcium ions
that facilitate covalent crosslinking further stabilizing the fibrin structure. This is important in tissue
engineering as its rate of crosslinking can be controlled by a variety of controllable and physiologically
compatible factors by altering the concentration of fibrinogen, thrombin, and calcium (471). It is also
fairly easy to isolate from an autologous source as in can be procured by centrifugation of the patient’s
blood (472). Its primary use in tissue engineering is as vascular grafts but it can also be used to make gels
as it has tunable porosity, contains cell binding sites, gelation occurs within seconds, and they are
biocompatible and biodegradable (470,472). The most significant complications with fibrinogen derived
3D tissue scaffolds is their low printing accuracy and their rapid degradation rate which may require the
use of protease inhibitors in certain in vivo clinical settings (473). The unique properties of printed
fibrinogen enable it to be used in tissue scaffolds as a pre-engineered vascular system facilitating these
scaffolds to exceed 150-200 pm where diffusion of nutrients and O, is limited (472). Neuronal 3D
structures have also been printed on fibrinogen scaffolds which alternated between fibrin, thrombin, and
NT2 neurons. This structure exhibited outgrowth of neurites after 12 days of culturing as the neural cells
were able to attach and spread on the fibrin fibers (466). Fibrin has also been used to build scaffolding for

MPC transplantation (474).
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1.5.2.2 Multi-Protein ECM Scaffolds

Collagen-Fibrin Composites

The combination of collagen and fibrinogen merges the beneficial properties of both ECM matrix
proteins, translating to a bioink that has processable viscosities for printing, ~15 s gelation times, and
negligible contraction (463). This combination has been used to print in situ skin grafts in mice when
embedded with amniotic fluid-derived stem cells or bone marrow-derived MPCs (475). Neural cell
migration was observed migrating toward the fibrin layer of a 3D scaffold composed of alternating
collagen and fibrin layers (476). A commercial collagen-fibrin patch, called Tachosil®, has recently been
found to be successful in clinical trials of women with gynecologic malignancies by preventing
symptomatic lymphoceles after pelvic lymphadenectomy by up to 66% (477). It was also able to
effectively reduce postoperative air leaking in patients undergoing redo thoracic surgery, possibly
correlated with an observed decreased mean length of hospital stay (478). However, its use in other
surgical procedures including distal pancreatectomy and thyroid surgery has shown to be ineffective in
preventing bleeding, reoperation rate, length of hospital stay, or mortality (479,480). Although its
effectiveness in preventing air and blood leakage might very among different surgical procedures, more
clinical research is required to assess the combination of collagen and fibronectin ECM scaffolds in tissue

engineering applications.

Matrigel

Matrigel is a commercially available ECM protein scaffold composed of a variety of collagen,
laminin, entactin, heparin sulfate proteoglycans, and growth factors isolated from mouse sarcoma cells,
and is intended to be used as a reconstituted basement membrane preparation (481,482). The importance
of basement membrane proteins on differentiation has been observed over the past few decades as
illustrated by studying the differences between Schwann cells grown on traditional culture dishes versus

those cultured on basement membrane-coated plates. Exposed neuronal processes were found to lack
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myelin and Schwann cells were not elongate (483). Currently, Matrigel is most widely used as a support
matrix for human embryonic stem cells as it is able to maintain self-renewal and pluripotency (484). It is
also used to mimic the ECM in both stem cell and cancer cell culture because its composition facilitates
cell-ECM interaction. The originally distributed Matrigel had high levels of growth factors including
basic fibroblast growth factor B, platelet-derived growth factor, epidermal growth factor, insulin-like
growth factor 1, transforming growth factor 3, and nerve growth factor 11. GFR (growth factor reduced)
Matrigel was released with reduced levels of growth factors using an AS precipitation protocol (482);
however, due to differences in tumor sizes in Matrigel extraction animals and tissue preparation, there is
variation between batches which encourages experimenters to test between lots for optimal results for

their experiments (484).

There have been an extensive variety of uses for Matrigel in in vitro experimentation. One of its
preliminary uses is in endothelial tube formation as, within a few hours after being plated onto plates
coated with Matrigel, endothelial cells migrate to form tubes with a lumen reminiscent of capillary
vasculature. This has been ground-breaking in studying angiogenesis mechanisms for processes such as
cell adhesion, migration, and protease secretion (485-487). Work in this .field evaluating stem cells
isolated from either neonatal foreskin and adipose tissue, have differentiated into tubular structures with
an endothelial cell phenotype (488,489). Since the origin of Matrigel is from sarcoma-derived basement
membrane, it has also been used to study a variety of different tumour-developing behaviour including
culturing tumour cells in 3D culture, tumor dormancy and invasion assays (490-499). Matrigel has been
able to be extruded with epithelial and hepatocyte cells to form connective tissues in a microfluidic device
creating an in vitro liver analog (411). Despite its extensive use in basic science, there is limited
information on its translatability to the clinic; however, it demonstrates the potential of isolating basement
membrane from human sources, such as discarded tissue including the placenta or unutilized organ donor

tissue, could play a role in tissue engineering in the future.

Decellularized Extracellular Matrix
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Exceptional work published in Nature Medicine by Dr. Doris Taylor’s group (39) demonstrated that
the ECM is powerful enough to signal cardiac and endothelial cells to functionally orientate themselves to
generate pump function. They demonstrated that fiber composition, orientation, and the vascular basal
membranes were preserved at the end of the decellularization process along with a competent aortic and
tricuspid valves. Eight days post-recellularization with neonatal cardiomyocytes, fibrocytes, endothelial
cells, and smooth muscle cells, the viability of the cells remained >95% throughout the entire thickness
(0.5-1.1mm) with sarcomeric a-actin and cardiac myosin heavy chain being expressed along with cells
positive for von Willebrand factor. Synchronous paced contraction of the recellularized whole heart set-
up occurred as early as day 4 indicating functional connexin-43 connections between cardiomyocytes
reperfused into pure ECM. This study emphasized the crucial role ECM plays in physiological function of
cells and broadened the field of tissue engineering to include decellularized ECM as a viable scaffold with

the potential to be effective as a clinical therapy.

Although work by Taylor’s group evaluated whole organ decellularization, ECM matrices utilized in
tissue engineering research originates from ECM secreted by MPCs stimulated by different media
components that catalyze differentiation into specific MPC differentiation phenotypes. MPCs are cultured
under standard culture conditions or with specific culture medium compositions that promote tissue-
specific cell differentiation. For example, tissue-specific ECM can be used from MPCs differentiating
into bone, cartilage, and adipose tissue (498-500). A variety of decellularization processes have been used
to remove the MPCs while retaining the secreted ECM, but generally NHsOH and Triton X-100 solutions
are used to dissolve cell membranes and then nucleases are used to remove DNA and RNA content (501-
505). The influence of decellularized ECM has also been shown to be effective in either maintaining the
naive MPC phenotype by enhancing proliferation or by stimulating MPC differentiation along the
phenotypic lineage of cells from which the ECM was derived. Decellularized ECM deposited by MPCs
exposed to bone were able to differentiate into osteoblasts and ECM deposited by smooth muscle cells

induced naive MPCs to exhibit smooth muscle cell-like characteristics (498, 504). Umbilical cord-derived
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MPCs have been shown to build an ECM that attenuated intracellular reactive oxygen species, enhanced
antioxidant enzymes, and improved resistance to exogenous oxidative stress (506) which would be very
useful in clinical situations when replacing damaged tissue as the ECM may have the ability to reduce the
hostility of those environments. In addition MPC derived ECM has been shown to be supportive in

maintaining and expanding human hematopoietic stem and progenitor cells in vitro (507).

There have also been a variety of tissues used clinically for decellularized ECM production including
skin, pericardium, bladder wall, adipose tissue, vasculature, tendons and ligaments (508-515). A review
by Parmaksiz et al has an extensive list of decellularized ECM products currently available in the clinic or
being tested in clinical trials (516). Sources of ECM include human tissue (Allopatch, Graftlacket,
InterGro, etc), porcine tissue (Permacol, Strattice, CorMatrix, MatriStem, etc), bovine tissue (MatriDerm,
CuffPatch, Veritas, etc), and even ovine tissue (Endoform). They have been used in orthopedic
applications where ECM has been used as grafts for rotator cuff damage, tendon augmentation,
transplantation-based repair, and as a material for inter-positional arthroplasty (517,518). One of the first
applications of ECM is in skin repair and grafting for burn tissue, which affects about 5 million patients in
the USA and has grown to a market of ~10 billion US dollars (516). Acellular products used in skin repair
use decellularization techniques on both xeno- and allo-graft products with the current technology
focusing on regenerating natural skin and regaining skin functions as current clinical outcomes do not
result in scar-free tissue, despite their ability promote healing (516,519). Decellularized ECM products
have also been used in cardiovascular applications and there are numerous reconstructive procedures
available to patients including aortic, ventricular septal wall, ventricle or atria, and heart valves which
benefit from biomaterials used to repair or replace damaged cardiac tissue (520). Cardiac patches are
routinely used in cardiac surgery to repair damaged myocardium. One of the most successful cardiac
patches available in the clinic is CorMatrix, which has been effective in pericardial tissue repair,
congenital cardiac surgery, infective endocarditis, repair of atrial septal defects, pulmonary arterioplasty,

and aortoplasty applications (521,522). Since the decellularization method removes the majority of
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cellular components and antigens from the tissue, there are decreased risks of inflammatory response and
immunological rejection essentially enabling an essentially limitless source of ECM material from
xenogeneic sources (523-525). The next step is to develop ECM scaffolding that promotes regenerative
remodeling of damaged tissue, either used in conjunction with stem cell therapy or to encourage
endogenous healing of the area. The versatility and effectiveness of decellularized ECM demonstrated in
the clinic thus far is just the tip of the iceberg when discussing the potential of tissue engineering to repair

and replace damaged tissue.

In addition to its practical versatility in clinical applications, decellularized ECM can also be used to
effectively analyze cell biology in vitro as it provides a true bioactive physiogical microenvironment.
Utilizing this technique is especially pertinent in cancer research in biopsies and tumor excision, where
excess tissue is normally considered waste, as it can be repurposed to better understand how carcinogenic
ECM influences cell physiology. This was demonstrated by Piccoli et al (526) where they seeded
decellularized colorectal cancer biopsies with HT-29 cells. They determined that both the proteome and
secretome differed between healthy and cancerous mucusa, specifically measuring an increase in IL-8 and
decreased angiongenic potential in the latter. The beauty of using biopsies as a source for diseased ECM
is that it it is already a common, minimally invasive, method of collecting human tissue and is used to
diagnose a myriad of diseases where pathogenesis alters the ECM microenvironment. In idiopathic
pulmonary fibrosis (IPF), primary fibroblasts seeded on pathological ECM exhibited increased
expressions of ECM genes regardless of whether the fibroblasts were isolated from patients with IPF or
healthy controls (527). This emphasizes the magnitude of influence that ECM has on determining cell
behaviour regardless of the programming it received in a prior microenvironment. In patients diagnosed
with chronic obstructive pulmonary disease (COPD), extensive remodeling of airways occurs in COPD
which influences normal bronchial epithelial cells (NBEC) by (528). This was shown when comparing
decellularized bronchial ECM between patients diagnosed with COPD and those that were not. NBECs

seeded on diseased ECM had an increase in gene expression of hepatocyte growth factor, TGFp, and
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platelet growth factor-B, which are all associated with COPD pathophysiology (528). Evaluating the
effect of diseased decellularized ECM on cell physiology is a field still in its infancy; however, it provides

an exquisitely excellent in vitro method to relevantly study cell physiology in a variety of pathologies.

1.6. Conclusions

It is evident that more than endogenously present interstitial fibroblasts within the myocardium
contribute to fibrosis, both physiologically and pathologically. This multi-faceted process drives
numerous cardiovascular pathologies toward heart failure and occurs via a number of different cell
sources, including various cell lineages found in the bone marrow (10-13, 17). These include fibrocytes
and MPCs that contribute directly to ECM remodeling and protein deposition, and appear ubiquitously
involved in both physiological and pathological fibrosis (20, 22). We have also outlined how similar
fibroblasts and MPCs act in culture and under stimulation of pro-fibrotic TGFf. Additional sources of
pro-fibrotic cells are endothelial cells undergoing EndoMT transition (13, 23, 24) and epithelial cells
undergoing EMT (28).

A thorough understanding of how these various cell types become pro-fibrotic could reveal therapeutic
targets for preventing overzealous ECM deposition and remodeling. We explored the possibility of
miRNA in inducing cell differentiation to a pro-fibrotic phenotype and/or contributing directly to fibrosis
including miR-21, miR-24, miR-29, miR-133, miR-145, and miR-208a (35, 36, 38-40, 107). miRNA
provides a potential therapeutic target to either promote physiological fibrosis for optimal wound healing,
or to inhibit pathological cardiac ECM remodeling.

Numerous products of this novel approach are already undergoing clinical trials; however, there exists
little understanding of how progenitor cells already present in the body, will respond to these scaffolds
and how the ECM influences miRNA to determine differentiation. Understanding how endogenous
progenitor cells respond to a pro-fibrotic environment equips the field of tissue regeneration with the
knowledge that allows treatments to be more effective by developing cells immune to the influence of a

profibrotic extracellular matrix environment in any cardiovascular disease state.
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2. Materials & Methods
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2.1 Ethics approval for collection of primary human tissue

Tissue collection of discarded atrial appendage pieces and bone marrow aspirate from consented
patients occurred at the St. Boniface Hospital in Winnipeg, MB, and at the University of Alberta Hospital
in Edmonton, AB. The Bannatyne Campus Research Ethics Board of the University of Manitoba
approval was obtained for the collection of tissue at St. Boniface Hospital. The Alberta Health Services
Ethics Board approval was obtained for the collection of tissue from the University of Alberta Hospital.
Written informed consent was obtained from each patient prior to the collection of tissue.

2.2 Procurement, isolation, and culturing of primary human bone marrow-derived mesenchymal
progenitor cells (hMPCs)

Human MPCs were procured from patients undergoing open-heart surgery as they are responsible for
migrating to pro-fibrotic areas and causing pathological fibrosis. Bone marrow aspirate was taken from
the sternum (0.5-3 mL) from patients requiring a full sternotomy, as the bone marrow was easily
accessible. Further isolation of hMPCs occurred by plating them on plastic culture dishes to evaluate
plastic adherence according to the methods developed by Caplan and Friedenstein (1,2) with some
modifications. Fresh bone marrow was placed in a tube containing 10 mL of phosphate-buffered saline
(PBS) and subjected to mechanical disaggregation. For hMPCs cultured in Winnipeg, they were then
diluted with GIBCO® medium, DMEM-F12, which was supplemented with 20% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 100 mM ascorbic acid. hMPCs cultured in
Edmonton were grown in GIBCO® medium, DMEM-F12, supplemented with 20% FBS, 100ug/mL of
Primocin™ (Invivogen, San Diego CA, USA), an anti-fungal, anti-bacterial agent designed for primary
human cell culture, and 100 mM ascorbic acid. In order to verify the progenitor nature of isolated hMPCs,
tri-lineage determination of isolated hMPCs was performed with results shown in Fig 2.1. Cells were
plated onto 10 cm plastic culture dishes and maintained at 37°C in a humidified atmosphere containing
5% CO,. After 24 hours, non-adherent cells (hematopoietic cells) were discarded via media aspiration,
and the adherent cells were thoroughly washed twice with PBS. Fresh complete medium was replaced

every 3 days. After 10 to 14 days of cultivation, primary cultures were 60-80% confluent. Cells were then
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dissociated with TrypLE Express (GIBCO®) and seeded at low densities for expansion through

successive passages (P0O-P2).

Figure 2.1: Differentiation of isolated P1 hMPCs into A) chondrogenic, B) osteogenic, and C)
adipogenic cell types using hMPC Mesenchymal Stem Cell Chondrocyte Differentiation
BulletKit™ Medium (Lonza), hMPC Mesenchymal Stem Cell Osteogenic Differentiation
BulletKit™ Medium (Lonza), and hMPC Mesenchymal Stem Cell Adipogenic Differentiation
BulletKit™ Medium (Lonza), respectively. Identification of chrondrogenesis was identified by
Alcian blue staining, osteogenesis by Alizarin red staining, and adipogenesis by Oil Red O

staining.
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2.3 Procurement, isolation, and culturing of primary human atrial fibroblasts

Superfluous right atrial appendage of the heart, the size of which was based on the discretion of the
surgeon, was removed from patients and subjected to collagenase digestion to isolate hAFs. The tissue
was transported in a sample container in saline and then finely minced. The minced tissue was left in
DMEM-F12 complete media (ThermoFischer Scientific Waltham MA, USA) and left overnight in an
incubator at 37 °C to optimize hAF procurement. The following day, the minced tissue was subject to
2 mg/ml collagenase II in SMEM (ThermoFischer Scientific Waltham MA, USA) media and incubated
for 3 h at 37 °C. Collagenase was neutralized by the addition of an equal volume of DMEM-F12 media
containing 20 % FBS and liberated cells were collected by centrifugation at 2,000 rpm for 7 min. Cells
were resuspended in fresh media containing 20 % FBS, seeded onto plastic culture dishes and incubated
at 37 °C in 5 % CO2 and 95 % humidity. The digestion was repeated with the remaining tissue pieces.
Non-adherent cells were removed the next day and fresh medium was added to the adherent cells and
replaced every 3 days. At 60-80% confluency, cells were dissociated with TrypLE Express (GIBCO®)
and seeded at low densities for expansion through successive passages. Samples were harvested at early
passages (P1, P2) for analysis.
2.4 miR-301a Transfection

Overexpression of miR-301a was obtained by transfection of both hAFs and hMPCs at 50-60%
confluency with hsa-miR-301a-3p and Negative Control 1 pre-miR-unconjugated microRNA (Ambion
Foster City CA, USA). Cells were washed thoroughly two times with PBS and media replaced with 20%
FBS DMEM-F12 void of penicillin/streptomycoin or Primocin™ one hour prior to transfection. A
mixture of Dharmafect transfection reagent (Thermoscientific) and a 50nM concentration of pre-miR-
301a or negative-scramble control (Ambion) were prepared as per manufacturer’s instructions. Cells were
incubated for 3 hours with the transfection mixture and subsequently washed two times with PBS. Cells
were then maintained in 20% FBS DMEM-F12 without penicillin/streptomycoin or Primocin™ for 24-48

hours, after which further analysis or recellularizing onto decellularized matrix was performed.

101



2.5 RNA Isolation, Quantification, and Processing from Plate Cultured Cells

Acquisition of mRNA and miRNA from hAFs and hMPCs was performed using the TRIzol reagent
(Ambion, Foster City CA, USA). Total RNA was purified using the TRIzol RNA isolation protocol
provided by the manufacturer. Briefly, 1 mL of TRIzol was added to 10 cm culture dishes after cells had
been rinsed 2x with PBS. TRIzol coated plates were incubated for 5 min at RT and then pipetted into a
1.5 mL centrifuge tube after which 200 pL of chloroform was added. After shaking tubes for 15 sec, they
were left to incubate at RT for 2-3 prior to being centrifuged for 15 min at 12 000 x g at 4°C. The
colourless aqueous phase containing the RNA was transferred to a new tube and incubated with 500 pL of
isopropanol O/N at -20 °C. In order to obtain an RNA pellet, the samples were centrifuged for 20 min at
12 000 x g at 4 °C. The supernatant was removed and the RNA pellet was washed 2x with 75% ethanol
and then air dried in a fume hood for 5 minutes. The pellet was re-suspended in 15-30 uL. of RNAse-free
DDW and stored in -80 °C until further analysis. RNA concentration and quality was analyzed using an
Agilent 2100 Bioanalyzer (Santa Clara CA, USA) in Winnipeg and a NanoDrop 8000 Spectrophotometer

(ThermoFischer Scientific, Walham MA, USA) in Edmonton.

In order to make cDNA for qRT-PCR experiments, 500 ng of RNA was added to create a total
volume of 5 pL of nuclease-free HoO. The ABI High-Capacity cDNA Reverse Transcription Kit
(ThermoFischer) was used according to the manufacturerer’s instructions. A total volume of 10 pL was
used for the cDNA protocol which underwent a thermocycling program of 25°C for 10 min, 37°C for 120

min, 85°C for 5 min and then held at 4°C. Samples were stored in -20°C under used.

2.6 Protein Isolation and Quantification from Plate Cultured Cells

HMPCs and hAFs cultured for protein isolation, as previously described, were washed twice in cold
PBS and lysed in New RIPA lysis buffer (150 mMNaCl, 50 mM Tris pH 8.0, | mM EDTA, 1 mM
EGTA, 0.5% sodium deoxycholate, 0.1% SDS, and 1% Triton X-100) and protease inhibitor cocktail (0.1
M phenylmethylsulfonyl fluoride, 5 pg/ml leupepetin, 2 pug/ml aprotinin, and 1 pg/ml pepestatin). The

lysed solution was the further processed by sonication of the samples for 30 seconds, 3x with the sample
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sitting in an container surrounded by ice to keep the temperature of the sample low. To remove unsoluble

cellular debris, samples were centrifuged for 15 min at 14 000 rpm.

Protein concentrations of whole cell lysates were determined using the BCA method using the
Bradford Protein Assay kit (Bio-Rad, Hercules CA, USA). Briefly, 5 pL of samples and standards (using
serial dilutions of bovine serum albumin ranging from 0.25 pg/mL to 3 pg/mL) was added to a 96-well
plate with 25 puL of Reagent A. After the addition of the samples, a multi-channel pipette was used to
added 200 uL of Reagent B and then left to incubate for at RT for 15 min. The plate was then read at 570
nm on a Synergy H4 Hybrid Reader Gen5 2.00 Spectrophotometer (BioTek, Winooski VT, USA) to

determine protein concentration.

2.7 Decellularization & Recellularization In Vitro

2.7.1 Decellularization

A schematic of the decellularization process and protocol is represented by Figure 2a. Cardiac tissue
was acquired from un-utilized donor hearts (control) and excised explant hearts from consented patients
undergoing cardiac transplant surgery. Large chunks of tissue were placed in containers surrounded by
OCT, rapidly frozen in liquid nitrogen, and stored at -80°C. In order to prepare smaller sections, frozen
tissue was sliced at a~150-200 nm thickness using a cryostat, put in cold PBS, and warmed to room
temperature. The following decellularization procedure was slightly modified from that utilized in Parker
et al’s paper (12) and performed in a sterile environment. First, tissue slices were placed in histological
cassettes within a 100-mm Petri dish to allow flow of solutions with minimal damage to tissue slices. All
oscillation rates during this decellularization procedure were at 30 oscillations per minute at room
temperature, unless otherwise specified. All solutions were autoclaved prior to use except for the DNAse
(20pg/mL) plus 4.2 mM MgCl solution which was vacuum filtered using a 0.22 um pore membrane. Two
1 hour cycles of the first lysis solution (1% SDS in H>O) was used before a third cycle was oscillated

overnight. The following day, the first lysis solution was removed and replaced with 1% Triton X-100 in
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H,O (the second lysis solution) and oscillated for three 1 hour long cycles of decellularization using fresh
solution at the beginning of each cycle. After the final hour cycle using the second lysis solution, the final
cellular lysis step used 1% Triton X-100 solution oscillating overnight. The tissue slices were then
thoroughly rinsed by using two rounds of PBS followed by 8 rinses of double distilled H,O (DDW),
essentially until no more bubbles were observed during the rinse steps. In order to thoroughly remove any
residual nuclei or DNA, the following steps were performed. Firstly, 1 M NaCl (in H,O), was added to
the tissue and oscillated for 1 hour. Afterwards, treatment with DNAse (20pug/mL) plus 4.2 mM MgCl (in
H,0) at 37°C occurred for an hour, oscillating at 25 oscillations per minute. The tissue was subsequently
rinsed twice with DDW and then twice with PBS. The final step, prior to storage, was to protect the tissue
from bacterial contamination by oscillating it with Hank’s Buffered Saline Solution (HBSS) plus 100
U/mL penicillin and 100 pg streptomycin (P/S) for 30 minutes. Afterwards, the tissue was removed from
the histology cassettes and stored in HBSS plus P/S at 4°C. Prior to co-incubation with either h(MPCs or
hAFs, selected decellularized sections were rinsed twice with PBS at RT, and incubated in the same
culture media used to grow the corresponding cell type at 37°C overnight. Co-incubation with hMPCs or

hAFs proceeded the following day.

2.7.2 Recellularization

At 90-95% confluency, P1 primary hMPCs and hAFs were trypsinized using TrypLE and centrifuged
at 2000xG for 7 minutes to pellet cells. They were re-suspended in 1 mL of media (DMEM-F12, 20%
FBS, 100 pg/mL of Primocin™, and 100 mM ascorbic acid) and added to 15 mL tubes so that each tube
contained ~5,000,000-10,000,000 cells. Five to ten pieces of decellularized HLV were added to each tube
and the volume of media brought up to 10 mL. Tubes were placed on a battery powered rotating device
and kept in an incubator at 37°C (95% CO, 5% 0O.) overnight. The following day, recellularized were
rinsed 2X in PBS prior to being put in fresh media and returned, rotating, into the incubator where media

was changed every 3 days for two to three weeks. Recellularization was deemed complete after media
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colour change rate was equivalent to plates at 90% confluency. Slices were fixed in the appropriate

fixation solution (either 4% paraformaldehyde or specified for SEM and TEM).

2.8 Statistical Analysis

All data are expressed as the means + SEM. Differences between multiple groups were analyzed by
one-way analysis of variance (ANOVA) using GraphPad Prism unless otherwise specified. Means
between two groups were also compared using the paired two-tailed Student’s ¢-test when the hMPCs and
hAFs between the same patients were able to be compared. A p-value less than 0.05 is considered

statistically significant.
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Abstract: Circulating progenitor cells of bone marrow origin have been implicated in transplant cardiac
allograft vasculopathy (CAV) and cardiac fibrosis. HMG-CoA reductase inhibitors, clinically referred to
as "statins", have been shown to impair the progression of CAV and improve patient survival. We
examined the in vitro effects of three HMG-CoA reductase inhibitors atorvastatin, simvastatin and
pravastatin on the viability of MPCs and expression of NF-kB. Human bone marrow-derived
mesenchymal progenitor cells (MPCs) isolated from human patients were treated with atorvastatin,
simvastatin, and pravastatin at 0.1, 1.0 or 10 uM + mevalonate. Human MPC treatment with 1 and 10 uM
simvastatin or atorvastatin resulted in progressively reduced cell viability which was associated with a
decline in NF-kB p65. Pravastatin did not affect MPC viability or NF-kB expression. Viability was
rescued by co-incubation with mevalonate or by pretreatment with Ikk-B implying that mevalonate
depletion through lipophilic HMG-CoA reductase inhibition impairs the viability of primary human MPC

via down-regulation of NF-«kB.
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3.1 Introduction

Development of HMG-CoA reductase inhibitors, herein referred to as "statins", to reduce cholesterol
has resulted in the significant decrease in adverse cardiac events in patients with coronary heart disease
(1); however, the full potential of their effectiveness in other cardiovascular complications is still being
explored. Multiple studies have found that statins can reduce carotid atherosclerosis decreasing stroke risk
(2-5), minimize the complications associated with carotid artery stenting (6), improve cardiovascular
outcomes in abdominal aortic aneurysm patients (7-9), retard the decline of impaired mobility in
peripheral arterial disease (10, 11) and slow the progression of cardiac allograft vasculopathy (CAV)
improving patient survival (12-15). When evaluating the effectiveness of statins in alternative
cardiovascular related pathologies it is important to keep in mind that there are two classes of statins:
hydrophilic and lipophilic. Lipophilic statins diffuse more easily across the lipid bilayer of cells compared
to hydrophilic statins. The smaller class of hydrophilic statins includes rosuvastatin and pravastatin and
the larger class of lipophilic statins includes atorvastatin, lovastatin, and simvastatin (16). There have
been differences shown between lipophilic and hydrophilic statin effectiveness in trials including one that
showed that hydrophilic rosuvastatin is more efficacious than milligram-equivalent doses of other statins
(17). It is important to note that the vast majority of clinical trials which evaluate both hydrophilic and
lypophilic statins focus on their effectiveness of lowering cholesterol in patients with heart disease,
without looking at other potential effects that could differ between these two classes of statins. A key
difference between lypophilic and hydrophilic statins is their ability to transverse the cell membrane, as
lipophilic statins easily transverse the lipid bilayer cellular membrane of various cell types whereas
hydrophilic statins, although effective, do not diffuse across the cell membrane as easily (16). Despite
have similar efficacy in lowering cholesterol, their differing pharmacokinetics could influence their
behaviour with other cell mechanisms. In addition, not only do lipophilic statins bind significantly easier
to proteins in the plasma compared to hydrophilic proteins, they are eliminated via metabolism (18-20).

This information could be critical in determining which statin would be most effective in treating a patient
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and/or which would have minimal or no side-effects. This study aims to further elucidate differences
between hydrophilic and lipophilic statins and how they affect primary human bone marrow-derived
mesenchymal progenitor cell (h(MPC) survival and pro-survival signaling pathways.

One of the side effects of statins, which has been recently elucidated, is their inhibition of the growth
of lesions in various vascular pathologies where one of the key common elements is fibrosis. It has
recently been observed that cells of bone marrow origin possibly have a key role in the initiation of
myocardial fibrosis (21) in addition to myofibroblasts potentially being of bone marrow origin
contributing to overall collagen deposition (22, 23). In fact, circulating progenitor cells of bone marrow
origin have been implicated in CAV and shown to contribute to neointima formation in vascular injury
and cardiac fibrosis (24). In a diseased or injured state, increased levels of progenitor cells contribute to
vessel scar formation as well as myocardial fibrosis (25) which is a significant issue as scar tissue lacks
effective contractile properties. The increased stiffness caused by fibrosis can impair overall cardiac
function, especially after myocardial infarction. A variety of other cell types also contribute to CAV
(Figure 3.1) which contribute to pathological fibrosis and vessel scar formation. Pathological fibrosis
infiltrates surrounding viable contractile tissue which contributes to cardiac contractile dysfunction,
subsequently leading to heart failure (26).

HMPCs are of interest in the fibrotic phenomenon as they have been studied in the context of
tissue regeneration in numerous organs, including the heart, with the capacity to differentiate into various
cell types including hematopoietic cells, adipocytes, osteocytes, and myocytes (27, 28). There is debate
as to whether, when injected into the heart to promote myocardial regeneration, they turn into a
cardiomyocyte phenotype or into other cell types (29-33). One of the cell types being proposed has been
termed a “fibrocyte” which was found when isolating progenitor cells expressing CD34" from a bone
marrow population (34). These cells have been shown to contribute to fibrosis in various cardiovascular
complications including hypertension and left ventricular hypertrophy (35), coronary heart disease (36),
as well as in situations with increased circulating NaCl (37) and fibrocytes are thought to be the cell type
responsible for initiating myocardial fibrosis (21).
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As statins are ubiquitously employed in treating cardiovascular disease and mesenchymal stem cells
are implicated in contributing to fibrosis, our study aims to examine the in vitro effects of three HMG-
CoA reductase inhibitors atorvastatin, simvastatin and pravastatin on the viability of hMPCs. The roles of
mevalonate and NF«B will also be elucidated as they are crucial in cellular growth, differentiation, and
survival and have been observed to be affected by statins (38, 39). We were also interested in assessing
the levels of Bnip3 expression, as it is indicative of atypical apoptosis and has yet to be assessed in
hMPCs. These results may indicate involvement of the NF«B signaling pathway, which has been
established as an important signaling molecule in the cell death pathway of the heart (40).

3.2 Materials and Methods
Isolation and Culture of Human MPCs

The Bannatyne Campus Research Ethics Board of the University of Manitoba approval was obtained
for the collection of bone marrow. Human MPC cultures were prepared based on plastic adherence
according to the methods developed by Caplan and Friedenstein (41, 42) with some modifications as
described previously. All experiments were performed using P2 cells and each n-value indicates the
number of unique patients used for each experiment. Culture cells were in 10 cm? dishes for immunoblot
analysis, in 96 well plate for an optical MTT assay and in 24 well plate with cover glass (12mm) for
Live/Dead assay. At the start of each experiment, cells were rendered quiescent by incubation in 1% FBS
medium for 24 hours and then stimulated with each HMG-CoA reductase inhibitors atorvastatin,
simvastatin and pravastatin with 0.1, 1.0, or 10 uM for 48 hrs and 96 hrs before assessment.

Cell Viability Assessment-MTT Assay

Using a 96-well plate, 500-10,000 cells were seeded in 200ul 20% FBS media per well. Cells were
incubated (37°C, 5% CO,) to allow the cell get 50- 70% confluent. Cells were rendered quiescent by
incubation in 1% FBS medium for 24 hours and then stimulated with each of the HMG-CoA reductase
inhibitors atorvastatin, simvastatin and pravastatin at concentrations of 0.1, 1.0, or 10 uM + Mevalonate
(or IKKP ) for 48 and 96 hrs (n=3/4). After treatment time expired, 20 pL of Smg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor) was added to each well and allowed to
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incubate (37C, 5% CO2) for 2-3 hours to enable the MTT metabolization. The media was carefully
removed and resuspended in formazan (MTT metabolic product) in 200ul DMSO. The plate was mix
well and absorbance was read at 570nm by using SPECTRAmax Plus.
Western Blot Analysis

Cells were washed twice in cold PBS and lysed in New RIPA lysis buffer (150 mM NaCl, 50 mM Tris
pH 8.0, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 0.1% SDS, and 1% Triton X-100) and
protease inhibitor cocktail (0.1 M phenylmethylsulfonyl fluoride, 5 pg/ml leupepetin, 2 pg/ml aprotinin,
and 1 pg/ml pepestatin). Protein concentrations of whole cell lysates were determined using the BCA
method and equal amounts of each protein sample (20ug) were separated on a 10% sodium dodecyl
sulphate-polyacrylamide gel at 130 V. Separated proteins were then transferred to a polyvinylidene
difluoride membrane for 1 hour at 300 mA. Membranes were blocked with 5% non-fat skim milk in
1xPBS (phosphate buffered saline). Proteins were visualized using ECL Plus (Amersham) after probing
with primary and secondary antibodies. Membranes were subsequently stripped and reprobed for [-
tubulin as a loading control. Blot densities were measured using Quantity One software and normalized to
B-tubulin blot densities.
Live/Dead assay

Cells were seeded on a 24 well plate with sterile coverslips (12mm.VWR). The Live/Dead
Viability/Cytotoxicity kit (Invitrogen 1.3224) was used to detect both live and dead cells using a two-
colour fluorescence cell viability assay. When the cells were ready to be assessed, culture media was
removed, and then Live/dead mix solution (in 10mL serum free DMEMF12 contain 2uL Calcein and 3uL
Ethidium homodimer-1) was added so that enough covered coverslips in each well. The cells were
protected from light and incubated (37°C, 5% CO;) for 30 minutes. These cells were viewed under a
fluorescence microscope.
Autophagic Flux

To assess autophagy in cardiomyocytes, cells were infected with an adenovirus encoding green
fluorescent protein (GFP)-fused LC3 in the absence and in the presence of chloroquine to assess
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autophagic flux. The number of green puncta in cells was counted as an index for autophagic flux
compared with control cells, as previously reported (43).

Reagents Used

Cell culture media and reagents used for hMPCs were purchased from GIBCO (Grand Island, NY)
unless otherwise specified. FBS was purchased from Hyclone Laboratories Inc. (Logan, UT) and
antibiotics (penicillin and streptomycin) were purchased from LONZA (Walkersville, MD). Cell culture
plates and coverslips were purchased from BD Falcon VWR (Franklin Lakes, NJ). BCA kit used for
protein assay and pre-stained protein ladder for western blot analysis were purchased from BIO-RAD
(Hercules, CA), PVDF membrane was obtained from Millipore (Etobicoke, ON). Primary antibodies used
were rabbit polyclonal LC3B and monoclonal NF-kB p65 from Cell Signaling (Danvers, MA), rabbit
monoclonal B-tubulin from Abcam (Toronto, ON), and Bnip-3 developed in-house as previously
described (44). The enhanced chemilumiscence (ECL Plus) detection system was purchased from
Amersham Biosciences (Buckinghamshire, UK). MTT, Pravastatin, Simvastatin and Mevalonolactone
were purchased from Sigma-Aldrich Canada (Oakville, ON). Atorvastatin was from Pfizer Inc (New
York, NY). LIVE/DEAD Viability/Cytotoxicity kit used to assess cell viability was purchased from

Molecular Probes (Eugene, OR).

Statistics

Statistical analysis was performed as described in Chapter 2.8.

3.3 Results

Treatment of primary bone marrow-derived hMPCs with hydrophilic pravastatin after both 48 and 96
hrs (Fig 3.2) resulted in no significant difference in cell viability as detected by the Live/Dead assay;
however, treatment of hMPCs with lipophilic statins resulted in a decrease of cell viability. Specifically,
10 uM of simvastatin at 48 hrs and all three concentrations at 96 hrs resulted in detectable cell death in P2
cells. Treatment of hMPCs with atorvastatin resulted in a similar pattern as that shown by simvastatin.

Cell viability progressively declined when treated with 1 and 10 pM of simvastatin or atorvastatin which
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was evident at 48 hrs, decreasing until nearly 50% at 96 hrs. Interestingly, pravastatin treatment appeared
to only have a significant decreased on cell viability at 96 hrs (Fig 3.3). As the effects of simvastatin and
atorvastatin on cell viability were comparable, experiments to determine the effect of mevalonate and
NF«B were performed using atorvastatin. Treatment with mevalonate recovered cell viability at both 0.1
puM and 0.3 uM which was noticeable as early as 48 hrs into treatment and up to 90% at 96 hrs (Fig. 3.4).
In order to evaluate how atorvastatin influenced NFkB, western blots detected the quantity of the p65
subunit which was found to decline to 50 and 70% at 48 and 96 hrs, respectively (Fig. 3.5a). To further
elucidate the direct nature of NFkB influence, adenoviral infection using Ikk-f was added. It caused a
recovery of 65 - 90% (Fig. 3.5b). To summarize, both mevalonate and NFxB were able to attenuate the
observed decrease in hMPC cellular viability when treated with lipophilic statins, whereas treatment with
pravastatin, the hydrophilic statin, did not affect hMPC cellular viability. In order to further elucidate the
mechanism of NF«kB signaling, Bnip3 expression was analyzed and was found to be down-regulated in
pravastatin-treated cells when compared to atorvastatin treated cells (Fig. 3.5¢). To further elucidate the
mechanism of cell death in pravastatin-treated cells, the autophagy marker, LC3 was used to detect
formed autophagosomes using IF (Fig. 3.6a). Both IF and protein analysis (Fig. 3.6b) of L3BII subunits

found that autophagy was increased substantially in atorvastatin treated hMPCs.

3.4 Discussion

There are numerous observations that contribute to the growing literature in understanding statins and
their growing repertoire of additional beneficial effects on cardiovascular disease. The primary
observation is that lipophilic statins, of which the majority of statins fall under, substantially decrease
hMPC viability. This decrease in hMPC viability is recovered using both mevalonate and Ikk- indicating
that both the mevalonate and NFxB pathways could be involved in hMPC viability. We further elucidated
that Bnip3 expression was found to be involved in this cell death pathway. In order to elucidate which
mechanism was involved in cell death, authophagy markers were explored and found to be increased in

lipophilic statin treatment. This correlates with recent findings by Wang et al (44) where maladaptive
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autophagy is linked to Bnip3 expression. When comparing the effects between different types of statins it
appears that pravastatin statins do not affect hMPC viability and thus, may not be involved in inhibiting
either the mevalonate-isoprenoid or NFkB pathway. Mevalonate depletion through HMG-CoA reductase
inhibition impairs the viability of primary human MPC in culture through down-regulating NF-xB p65.
This represents an additional pleiotropic effect of statins and may explain the beneficial action of this
therapy independent of its effect on lipid metabolism. The lack of effect with pravastatin treatment may
be related to the hydrophilic characteristic of the molecule, preventing uptake of the drug by hMPC cells.

Our study focused on both the NFkB and mevalonate-isoprenoid cell survival pathways as they have
been shown to be negatively influenced by statin treatment in other cell types (38, 39). Other studies have
shown that when NF«B signaling is inhibited pharmacologically in hMPCs, they undergo apoptosis (45-
47) whereas when NF«B activity is increased by inhibiting TNF-a, hMPC proliferation is promoted (47)
highlighting its importance in hMPC cell viability. The mevalonate-isoprenoid pathway is intricately
correlated with statin use as statins inhibit the conversion of HMG-CoA to mevalonate and thus its
subsequent conversion to cholesterol, and key signaling proteins such as isoprenyl proteins, dolichol, and
ubiquinone (48). Interestingly, there are limited studies evaluating how mevalonate directly influences
progenitor cell properties. One study has shown that statins can inhibit the transition from renal epithelial-
to-mesenchymal transition which is responsible for renal fibrosis, which is abrogated by addition of
mevalonate (49), suggesting maintenance of a more proliferative phenotype whereas another study has
shown that, regardless of cholesterol presence, mevalonate can attenuate lipophilic statin-induced
inhibitory effects on proliferation (50). These studies indicate that the susceptibility of cells to lipophilic
statins has a direct influence on key pathways responsible for maintaining cell proliferative properties,
and their overall viability. In addition, the substantial increase of autophagy in cells treated with lipophilic
treated statins indicates a maladaptive response that causes cell death via Bnip3. Autophagy has also been
shown to occur in the heart under duress (42).

When understanding how statins influence the physiology and pathophysiology properties of hMPCs,
it is crucial to consider the apoptotic effects statins have on other progenitor cells, such as endothelial
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progenitor cells (EPCs). Interestingly, some statins appear to have different effects on EPC viability and
proliferation on EPCs when compared to hMPCs. Simvastatin was found to increase the number of
functionally active EPCs (51) and lipophilic statins can reduce senescence and increase proliferation of
EPCs (51, 52) through a mechanism thought to involve decreasing oxidative DNA damage and
preventing telomere shortening (53). Although, initially these observations appear to oppose what was
found with hMPCs, it is important to keep in mind that these effects on EPCs are dose-dependent because
increased doses of statins inhibit EPC proliferation and promote apoptosis at concentrations comparable
to the doses that were found to decrease hMPC viability in our study (51). When comparing these
findings to hMPCs, it has been shown that low doses of simvastatin act with hMPCs to facilitate
neovascularization in musculoskeletal ischemia, indicating a similarity with EPCs in increased activity
with low-dose statin treatment (54). Unpublished results from our lab also show an increase in cell death
of atrial fibroblasts and neonatal cardiomyocytes at the same doses which caused an increase in cell death
in hMPCs. A number of other studies have looked at how different statins could affect other cell
behaviours, including one that showed that rosuvastatin, a hydrophilic statin initially used at high dosage
pre-MI and then halved post-MI, can effectively protect implanted hMPCs in a post-infarct environment
in a rat model (55). Interestingly, a study evaluating the effects of atorvastatin on autophagy found that
low doses (0.001-0.01 uM) had a neglible effect on apoptosis, but still elevated compared to control under
hypoxic and serum-deprived conditions (56). The slight decrease in apoptosis under these conditions
appears to be due to an increase in autophagy as a response to the hostile environment which mimics that
of an infarct scar. When considered in tandem with our study, it indicates the potential for decreasing cell
viability in healthy areas of the body, but the cells that are able to survive the dosage of statins would be
resilient against the damaging environment of the infarct. This would result in fewer hMPCs migrating to
the infarct zone differentiating into myofibroblasts to cause exemplified scar formation and invasion in
viable myocardium, but enough to strengthen the infarct zone to prevent rupture. Further studies would
need to be performed in an in vitro environment in order to find a balance between reducing hMPCs to
prevent superfluous myofibroblast cell differentiation and cardiac structure stability.
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In summary, we found that lipophilic statins, simvastatin and atorvastatin, significantly decreased
hMPC viability through mevalonate depletion and NFkB signaling and an increase in maladaptive
authophagy. Pravastatin, the hydrophilic statin, had no effect on cell viability. As MPCs have been
implicated in neointimal formation, cardiac allograft vasculopathy, and tissue fibrosis, these observations
may need to be considered when selecting a particular compound for its desired therapeutic effect. This is
also important when considered hMPCs as a cellular basis for therapeutic treatment either as cell therapy
or as a component of engineered tissue in patients with cardiovascular disease because it is highly
probably that they will also be prescribed statins. Maintaining viability of therapeutic cells is important in
this patient population as many of them are candidates for cardiac tissue repair and cholesterol inhibition

therapy.
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3.6 Figures

Figure 3.1: Schematic of non-immune cell involvement that contributes to fibrosis and/or arteriosclerosis

in coronary allograft vasculopathy. EMT- endothelial-mesenchymal transition;, ECM — extracellular
matrix
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Figure 3.2: Live-dead assay analysis of primary human bone marrow-derived mesenchymal stem cells
treated at 0.1 pM, 1uM, and 10 pM concentrations of A) hydrophilic pravastatin, B) lipophilic

simvastatin, C) lipophilic atorvastatin at 48 and 96 hours indicating no change across the treatment

groups.
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Figure 3.3: MTT cell viability analysis of lipophilic and hydrophilic statin-treated primary human bone

marrow-derived mesenchymal stem cells indicating initial decrease in viability at 48 hours (A) with all

three statins; however at 96 (B) hours, only lipophilic statins, simvastatin and atorvastatin, show

significantly decreased viability at all three concentrations (n=4). One-way ANOVA,* p-value< 0.05

compared to Control, ** p-value < 0.01 compared to Control
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Figure 3.4: Mevalonate treatment of primary human bone marrow-derived mesenchymal stem cells
showing recovery of decreased viability on atorvastatin-treated cells using MTT cell viability analysis at
A) 48 hrs and B) 96 hrs (n=3, one-way ANOVA,* p-value <0.05, # p-value <0.05 compared to 10 uM

atorvastatin).
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Figure 3.5: A) Representative blot of protein analysis of NF-xB p65 sub-unit in atorvastatin-treated
primary human bone marrow-derived mesenchymal stem cells showing a decrease in the p65 subunit of
NF-kB with increased treatment of atorvastatin at both 48 hours and 96 hours, (n=6) B) Atorvastatin-
treated primary human bone marrow-derived mesenchymal stem cells treated with Ikk-p (active subunit
of NFxB) shows partial recovery of cell viability with treatment at 5x108 MOI at the 96 hour time-point
(n=3). C) Representative blot showing Bnip3 expression of Pravastatin (P) and Atorvastatin (A) statin
treatment. One-way ANOVA, * p-value <0.05, # p-value <0.05 compared to 10 pM atorvastatin
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Figure 3.6: A) Autophagy analysis of primary bone marrow-derived mesenchymal progenitor cells
(hMPCs) showing increased formation of autophagosomes using LC3 IF imaging (i-iv) in atorvastatin-
treated cells (i-ii7) compared to Control, DMSO, and pravastatin-treated cells. Representative images from
single patient, arrows indicate LC3. B) Protein analysis of L3B subunits indicate increased authophagy in

atorvastatin-treated hMPCs compared to pravastatin (representative blot from single patient)
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Abstract: Cardiac fibrosis manifests in as a result of human atrial fibroblasts (hAFs) and mesenchymal
progenitor cells (hMPCs) pathologically depositing extracellular matrix proteins, resulting in significantly
impaired cardiac function. The mechanism of hMPC-myofibroblast differentiation is unclear; however,
expression of small non-coding RNAs, called microRNA (miRNA), has been shown to influence
differentiation of other cell types. We hypothesize that miRNA expression changes coincide and influence
both the hAF and the hMPC to pro-fibrotic cell transformation. To elucidate the potential of miRNA as a
mechanism influencing hAFs and bone marrow-derived hMPCs becoming pro-fibrotic, these cells were
isolated from the atrial appendage and sternum of patients undergoing open heart surgery, respectively.
Both cell types were cultured in standard DMEM/F12 with 20% FBS. Cells were transfected using 50nM
concentrations of pre-Scrambled and pre-miR-301a. Collagen gel contraction and MTT assays were
utilized to evaluate cellular behaviour and qRT-PCR and western blotting was used to analyze expression
and content of myofibroblast markers. Both hAFs and hMPCs displayed increased proliferation upon
over-expression of miR-301a in hMPCs resulted in reduced collagen gel contraction and. Analysis using
gqRT-PCR revealed a decrease in non-muscle myosin II (NMMII) A and B isoforms in transfected hMPCs
and in NMMIIA in transfected hAFs. Protein analysis of miR-30la transfected hMPCs and hAFs
determined decreases in NMMIIA and pro-collagen type 1. These results imply that overexpression of
miR-301a has the ability to reduce contractility and reduce pro-fibrotic markers in both hAFs and hMPCs
indicating the potential for a common cellular mechanism to be influencing differentiation into a pro-

fibrotic phenotype.
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4.1 Introduction

Cardiac fibrosis is a prominent pathology that affects cardiovascular function in a myriad of
cardiovascular diseases. Both atrial fibroblasts (AFs) and bone marrow-derived mesenchymal progenitor
cells (hMPCs) have been shown to contribute to cardiac fibrosis (1). Isolated hMPCs are being evaluated
in clinical trials as an effective therapy to combat heart failure (2). Unfortunately, clinical trials hoping to
capitalize on their proliferative and multipotent differentiation capacity have reported only minimal
improvement of an anti-inflammatory nature, and not necessarily differentiation into a contractile
phenotype (3-6). This may be a result of a dichotomy that exists in hMPC biology whereby their
transformation from a highly proliferative hMPC phenotype changes into a more differentiated phenotype
with a reduced ability to proliferate (7-9). This could significantly impair the reparative capabilities of
hMPCs. Originally, hMPCs were thought to have more significant therapeutic potential due to the ease
with which they can be expanded in vitro, while maintaining the ability to differentiate into various
lineages (10). However, it appears that optimizing the potential of hMPCs to be used as a clinical therapy
may require a better understanding of the physiology that determines specific stimuli required to alter
hMPCs’ fate. Although several theories have been formed to explain the molecular mechanisms driving
differentiation, the non-coding RNA molecule identified as microRNA (miRNA) provides an elegant
explanation to this shift in genetic expression. The ability of miRNA to influence protein expression
rapidly has been noted in numerous cell types under a variety of physiological and pathological
conditions (11). MicroRNAs (miRNAs) have recently emerged as a novel intrinsic method of gene
regulation predominantly located in intronic gene sequences as 21 or 22 nucleotide-polymers. They act by
post-transcriptionally binding the 3°’UTR of mRNA targets and ultimately decreasing mRNA levels (12).
These molecules have been implicated in a variety of cell processes including differentiation (13-15).
Previous work from our laboratory (16) has found that primary bone marrow-derived hMPCs readily
adopt a myofibroblast-like phenotype over serial passaging in standard culture conditions. These

observations were confirmed by collagen gel contraction and expression of myofibroblast markers in a
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pattern comparable to isolated primary human cardiac myofibroblasts. Moreover, hMPCs displayed an
increase in collagen gel contraction when exposed to TGF-f similar to that of cardiac myofibroblasts,

which is known to induce a myofibroblast phenotype.

Myofibroblast differentiation is governed by a variety of factors including interaction with the ECM,
and exposure to ED-A fibronectin and TGF-f. Prior to injury in a healthy heart, fibroblasts do not express
contractile microfilaments or stress fibers and produce little ECM (17). When injury occurs,
differentiation to myofibroblasts involves a transition into proto-myofibroblasts which are characterized
by stress fibers linking cells to the ECM (18). Interestingly, in studies evaluating the migration of hMPCs
via eGFP mouse bone marrow transplant models, it has been found, a significant proportion of
myofibroblasts present in the post-MI heart of the post-transplant mice express eGFP, suggesting a bone
marrow origin (19,20). These studies both indicate that bone marrow-derived cells are an important

contributor to the myofibroblast and fibroblast population within the infarct area post-MI.

As miRNA is implicated in the transition of many cell types, our study focuses on investigating
whether or not miRNAs could play a role in the differentiation process of both hAFs and hMPCs to a pro-
fibrotic phenotype. Little work has been done on miRNA-301a, especially in a cardiovascular context;
however, its host gene, ska2, is located at17q22-23 in the human genome and the protein is involved in
the onset of anaphase during mitosis and also the maintenance of metaphase (21). This implicates a
potential role in manipulating proliferative potential. In addition, other studies have shown that
endogenous overexpression of miR-301a has been implicated in pancreatic and hepatocellular cancer cell
proliferation (22-24). Although miR-301a has become a popular microRNA in cancer research, its role in
hAF and hMPC differentiation has not been well studied; however, there is evidence to suggest that miR-

301ais heavily involved in proliferation and/or differentiation of human cells.
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4.2 Materials & Methods
Isolation, Culture, and Transfection of Primary Human MPCs and Human AFs

Human MPC cultures were prepared based on plastic adherence according to the methods developed
by Caplan and Friedenstein (25, 26) with some modifications as previously described in Chapter 2. Cells
were then dissociated with TrypLE Express (GIBCO®) and seeded at low densities for expansion through
successive passages. HAFs and hMPCs were cultured in 10 cm? dishes for immunoblot and qRT-PCR
analysis, in 24 well plates for collagen gel contraction assays, and in 96-well plates for optical MTT
assays. Cells used for collagen contraction were treated with 0%, 1%, or 20% FBS once plated on
collagen gel. Cells used for MTT assays were cultured on a 96-well plate and cultured with 0% FBS or
20% FBS. A third treatment group for MTT assay analysis was initially cultured with 0% FBS for the
first 24 hrs and then grown in DMEM-F12 with 20% FBS for 48 hours. Transfection with miR-301a, as
described in Chapter 2, was performed on cells at 80-90% confluency.
RNA and qRT-PCR analysis

P1 hAFs and hMPCs were lysed after reaching 90% confluencey using TRIzol reagent 48 hours post-
transfection and RNA was isolated. Total RNA was purified using Ambion’s DNA-free kit according to
the manufacturer’s instructions and RNA concentration and quality was analyzed using an Agilent 2100
Bioanalyzer. A more detailed explanation of mRNA isolation and quantification can be found in Chapter
2. Expression of myosin heavy chain 9 (forward (F) primer — ACACCGCCTACAGGAGTATGA;
reverse (R) primer — ACACCGCCTACAGGAGTATGA), myosin heavy chain 10 (F -
AGGTGGACTATAAGGCAGATGAG; R — CTGTCTGATGACTGGTGCAAAA), collagenlAl (F —
CCAAAGGATCTCCTGGTGAA; R — AGTTTTGCCATCAGGACCAG), and collagenlA2 (F —
TTGACCCTAACCAAGGATGC; R- TTCTTGGCTGGGATGTTTTC) were analyzed by quantitative
real-time PCR. qPCR results were compared against B-actin which was used as a reference gene.
Expression of mRNA was determined using MT Mini Personal Thermal Cycler (Bio-Rad) using Quanta
Biosciences B-R 1-Step SYBR® Green qRT-PCR kit. Reverse transcription to make cDNA was
performed using the TagMan®MicroRNA Reverse Transcription Kit (Applied Biosystems) according to
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the manufacturer’s instructions. Amplification of cDNA was used with Tagman®Universal PCR Master
Mix (Applied Biosystems). U6 and miR-301a primers were provided by ThermoFischer Scientific and g-
RT-PCR quantification was performed using Roche Lightcycler 480 I1.
Western Blot Analysis

P1 hAFs and hMPCs were lysed 48 hours post-transfection and processed as indicated in Chapter 2.
Equal amounts of each protein sample (20pug) were separated on a 10% sodium dodecyl sulphate-
polyacrylamide gel at 130 V. Separated proteins were then transferred to a polyvinylidenedifluoride
(PVDF) membrane for 1 hour at 300 mA. Membranes were blocked with 5% non-fat skim milk in PBS
(phosphate buffered saline) for 1 hour at room temperature. After blocking, antibodies against pro-
collagen I (1:1000; Developmental Studies Hybridoma Bank), non-muscle myosin I[TA (NMMIIA,
1:2000; Abcam), non-muscle myosin [IB (NMMIIB, 1:2000; Abcam), and smooth muscle myosin (SMM,
1:1000; Sigma-Aldrich) were used to evaluate the protein expression with their corresponding secondary
antibody (goat anti-rabbit I[gG, rabbit anti-mouse IgG; Jackson ImmunoResearch Laboratories)
conjugated with horseradish peroxidase. The loading control used was B-tubulin (1:1000, Abcam) which
was probed for after blots were stripped. For ska2 protein analysis, Memcode™ Reversible Protein Stain
Kit (Pierce Biotechnology, Rockford IL, USA) according to the manufacturere’s instructions. Proteins
were visualized using Pierce ECL Western Blotting System (Thermoscientific) according to
manufacturer’s instructions. Densitometry was performed using GS-800 Calibrated Densitometer
(BioRad) and quantified using Quantity One software.
Collagen Gel Contraction Assay

To prepare collagen gels, 1 mL of PureCol (Advanced Biomatrix) bovine type I collagen (3 mg/mL) in
5X DMEM F-12 (powder form from Thermo-Fischer Scientific) was pipetted in 24-well culture dishes
and was allowed to set overnight at 37°C prior to plating at a cellular density of 5x10* cells/2 cm?. P1
hAFs and hMPCs were seeded overnight on the collagen prior to transfection. Transfection proceeded as
previously explained. At 24 hours after miR-301a transfection, the gels were detached from the edges of
the wells using a custom cutting tool and then digital photos taken at 0 hr and 24 hr post-detachment, or
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24 and 48 hours post-transfection, respectively. These photos were used to measure the diameter of the
collagen with each treatment group was repeated in triplicate. Photos were analyzed using IDL-based
MeasureGel software to determine the change in collagen gel surface area by isolating the collagen gel
area on the program and calculating the difference in surface area of the collagen gel between 0 and 24
post-detachment.
Cell Viability Assessment-MTT Assay

Using a 96-well plate, 5000 passage 1 cells/well were seeded in 200ul 20% FBS media per well. Cells
were incubated at 37°C and 5% CO, and allowed to attach overnight. A plate per patient was set-up and
separated into 6 sections where there was a Control and miR-301a transfection section for each time
point. At the time of transfection (T0), and 24 and 48 hours post-transfection, 20 pL. of Smg/mL MTT
(Thiazolyl Blue Tetrazolium Bromide) was added to each well and allowed to incubate (37C, 5% CO2)
for 3 hours to enable the MTT metabolization. The media was carefully aspirated and resuspended in
dimethyl sulfoxide (DMSO). Absorbance was read at 570nm by using SPECTRAmax Plus.
Immunofluorescent Imaging

HMPCs were cultured in 24-well plates overlaid with glass coverslips with some wells transfected
with miR-301a or a scrambled control as described previously. After 48 hrs, both miR-30la and
scrambled control cells were fixed in 4 % PFA for 15 min and permeabilized in 0.2 % Triton X-100 in
PBS for 5 min. Cells were subsequently washed with PBS and blocked with 5 % BSA for 30 min at RT.
Fixed cells were incubated with 50 pl of either a NMMIIA (1:200 dilution in PBS-T) or EDA-FN (1:100
dilution in PBS-T) primary antibodies overnight at 4 °C and detected with the appropriate biotinylated
secondary antibody for 1 h at RT. Cells requiring dual staining for filamentous actin were washed with
PBS after incubation with the secondary antibody, and incubated with 50 pl of phalloidin for 30 min at
RT. Vectashield with DAPI was used to mount the coverslips and cells were visualized with an
epifluorescent microscope with appropriate filters.
Statistics

Statistical analysis was performed as described in Chapter 2.
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4.3 Results

Effect of Nutrient Deprivation

HMPCs grown in 20% FBS were significantly more proliferative than hMPCs grown in 0% FBS.
Evaluation of the collagen gel contraction assay, it was observed that 1% FBS treated hMPCS exhibited a
lower change in surface area than hMPCs grown at 0% FBS (Figure 4.1). After microarray analysis, it
was found that this decrease in contractility coincided with an increased expression of miRNA-301a. In
hAFs, ska? expression remained unchanged between the three treatment groups; however, miR-301a
expression was significantly increased 48 hrs after a serum-free culture environment became a serum-rich
culture environment. This change in expression corresponded with altered ska2 and miR-301a expression

where both ska2 and miR-301a were elevated in serum-rich conditions (Figure 4.2).

Functional Assessment of miR-301a Transfection in hAFs and hMPCs

To assess the mechanistic role of miR-301a, overexpression of miR-30la in hMPCs resulted in
significantly reduced contractility of 9.7% compared with a negative-scramble control (Figure 4.3).
Although a decrease in contractility was not statistically significant in hAFs, there did appear to be a trend
towards reduced contractility (Figure 4.3). MTT proliferation assessment determined that both hAFs and
hMPCs that there was a significant increase in the rate of cell proliferation determined at 48 hrs post-

transfection (Figure 4.4).

Molecular Assessment of miR-301a Transfection in hAFs and hMPCs

To evaluate the observed cause in contractility and delineate this phenotype caused by miR-301a
overexpression, the protein and RNA expression of a variety of myofibroblast markers were analyzed. We
evaluated the gene expression of myosin isoforms and collagen-1 which revealed a significant decrease in
the gene expression of MYH9, MYH10 and Col1A2 in hMPCs (Figure 4.5A) with overexpression of
miR-301a. In hAFs (Figure 4.5B) there was a significant decrease in the gene expression of MYH9 and
CollA1 in miR-301a transfected cells. Protein expression of the corresponding proteins was also analyzed
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in addition to myofibroblast markers. This resulted in significant decreases evident at the protein level in
NMMIIA and pro-collagen 1 (Sp1D8) without significant changes in NMMIIB and SMM in hMPCs
(Figure 4.6A). In hAFs, there were more significant changes indicated by a decrease in NMMIIA, Sp1DS8,

and SMM (Figure 4.6B).

4.4 Discussion

Our study has successfully identified a microRNA that may be influential in preventing a pro-fibrotic
phenotype in two primary human cell types that are known to contribute to pathological cardiac fibrosis.
As these cells were isolated from patients, it is important to note that isolating hMPCs from a
heterogenous bone marrow aspirate involves separating them from both mesenchymal and hematopoietic
stem cells in various stages of differentiation. It is known that, although hMPCs comprise merely 0.001-
0.01% of the total population of cells isolated (27), hematopoietic cells do not adhere to plastic culture
plates and are thus washed away leaving the attached hMPCs behind (28) which is how the hMPCs were
isolated. Further isolation procedures were not utilized as this would involve further processing of the
hMPCs which could produce experimental artifacts and influence their differentiation. It has also been
observed that cell markers used to identify progenitor cells are not always accurate or appropriate (29).
We have also included the immunohistology of our isolated hMPCs differentiated into chondrogenic,
osteogenic, and adipogenic cell types using the appropriate media in our Supplementary Figures to show
that our isolated hMPCs are indeed progenitor cells. The potential for multipotency of these cells has been
demonstrated in various studies (9, 30); however, why they have reduced effectiveness in clinical trials
has yet to be elucidated. Our study has two primary findings: firstly, hMPCs exhibit a dichotomous
phenotype between proliferative versus contractile function which is similar to the hAF phenotype. Both
hMPCs and hAFs are able to differentiate into a more contractile myofibroblast cell type, which was
observed in our previous study (16). Secondly miR-301a likely plays a mechanistic role in suppressing
the contractile phenotype while favouring the proliferative phenotype in both hMPCs and hAFs (Figure

4.3). The initial investigation involved a deprivation of essential nutrients to create an environment
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comparable to that of injured cardiac tissue where these conditions trigger the differentiation of various
cell types, including hAFs into myofibroblasts (31,32). In order to investigate whether or not these
conditions will alter the phenotype of hMPCs, they were grown in both serum-full and serum-free media
which caused a drastic change in the functional properties of the hMPCs. The collagen gel contraction
assay demonstrated that when hMPCs are cultured in a nutrient-deficient environment, similar to that of
an ischemia, there is a significant increase in the ability to contract collagen-rich substrates. This
observation correlates with the increase in the differentiation of fibroblasts to myofibroblasts in response
to MI where the decreased blood flow prevents nutrient transport and causes an inflammatory response
(33, 34). On the other hand, when there are available nutrients, hMPCs do not undergo a contractile
phenotype which indicates that there is a switch in the phenotype as a response to extracellular signals. It
should be noted that, even though cells treated to 1% FBS are able to proliferate more in culture with the
provision of nutrients, the increase in cell number did not contribute to the greater contraction of the
collagen substrate. To further understand how this change from a proliferative to a differentiated
phenotype is occurring, a micro-array analysis on miRNA was performed to look for potential targets. It

was found that miR-301a was highly responsive to the changes in phenotype.

In order to further elucidate the role of miR-301a, additional studies were performed to understand
how it responds to changes in mitogen levels. Both miR-301a and the protein product of its host gene,
ska2 were found to be increased after initial nutrient deprivation for 24 hours followed by a 48 hr
recovery period when FBS was restored. Although ska2 protein expression was found to be increased, it
did not reach statistical significance; however its associated miRNA product, miR-301a did. This may be
a result of the prolonged time it takes to translate protein in the cell compared to producing microRNA.
Interestingly, it was only upon a deprivation and subsequent re-introduction of mitogens that miR-301a
expression was altered, indicating that MPCs utilize miR-301a to respond to a phenotypic change to react
to their environment. Exposure of hMPCs to nutrients promotes a more proliferative versus a contractile

myofibroblastic phenotype, suggesting a dichotomy between the two phenotypes. This concept of a

139



dichotomy between a proliferative versus contractile phenotype has been well documented in the smooth
muscle literature, with microRNA playing a mechanistic role. In smooth muscle cells, miR-145 and miR-
143 has been implicated in regulating this process (35). In addition, it has been observed the miR-21 and

miR-145 play a role in the differentiation from fibroblasts to myofibroblasts (36,37).

HMPCs have often been compared to fibroblasts with respect to appearance as well as gene and
protein expression. This myofibroblast phenotype has not previously been well documented. Phenotypic
characteristics of myofibroblasts include an ability to contract collagen gels and expression of markers
such as a-SMA, collagen, and NMMIIA as is seen in cardiac myofibroblasts. HMPCs also display
decreased proliferative capacity as they are cultured and expanded (38). Transfection of miR-301a
resulted in a reduced ability to contract compared to control and the presence of focal adhesions that
contain B-actin and y-actin microfilaments associated with non-muscle myosin commonly found in proto-
myofibroblast formation (18). In addition, h(MPCs transfected with miR-301a had increased proliferation
early on in culture. We observed that exposure to mitogens, such those present in fetal bovine serum,
induced a proliferative, less contractile phenotype, whereas serum deprivation induced a phenotype of
decreased proliferation and increased contraction, suggesting that the myofibroblast phenotype as the
polar opposite of the proliferative phenotype. In addition, this increase in proliferation with miR-301a
transfection also occurred in hAFs indicating that a similar molecular mechanism could be acting in both
cell types, although further analysis needs to be performed in order to elucidate it. Our results indicate
that miR-301a over-expression antagonizes the mitogenic phenotype of early passage hMPCs, as
evidenced by decreased collagen gel contractility. This decrease in contractility could be mediated by the
observed decrease in the mRNA expression of MYH9 and MYH10. Although a significant decrease in
MYH9 occurred in hAFs, the lack of effect on MYH10 could indicate why hAFs did not significantly
increase their contractility. The decrease in protein expression of NMMIIA, as evident by western blotting
indicates that the protein level of non-muscle myosin in both hMPCs and hAFs is affected by the miR-

301a. There is also a significant decrease in pro-collagen type, which was evaluated by protein
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quantification, indicating that these cells would not be significantly contributing to extracellular matrix
formation which is a characteristic property of myofibroblasts. This is a promising target to further
elucidate the mechanism of how various cell types contribute to pathological fibrosis as both hAFs and
hMPCs were influenced by miR-301a. This could indicate a common mechanism as this single
microRNA is affecting two different cell types in a similar fashion. These results suggest that miR-301a
plays a mechanistic role in increasing proliferative potential of hMPCs and hAFs while attenuating
expression of a pro-fibrotic phenotype. This correlates with the findings that miR-301a promotes
proliferation in various types of malignant cells. Like all microRNAs, it is unlikely that miR-301a has a
direct effect on hMPC phenotype, but rather that it suppresses protagonists of the myogenic phenotype,
maintaining a predominantly proliferative physiology. Further work is required to determine in miR-301a
exerts its effect through targeting these genes in hMPCs, and if these effects translate into altered fibrosis
in vivo. The use of miRNA has been suggested as a therapeutic intervention, and it may be that miR-301a
could be used to treat established fibrosis or to effectively inhibit endogenous atrial fibroblasts and bone
marrow-derived progenitor cells from adopting a pathological ECM secreting phenotype in a pro-fibrotic

environment.
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4.6 Figures

Figure 4.1: hMPCs contractility was evaluated using collagen gel contraction assays where 1% FBS was
found to result in significantly decreased effectiveness in contraction a collagen substrate when compared

to the starving 0% FBS cells (n=3 patients). Paired student t-test, ** P-value < 0.01 compared to 0% FBS.
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Figure 4.2: Protein expression of Ska2 and expression of miR-301a compared at 0% FBS, 20% FBS, and
re-introduction to 20%FBS for 48 hours after 24 hours of 0% FBS a) primary human atrial fibroblasts
(n=4) with representative western blot and b) primary human bone marrow-derived mesenchymal
progenitor cells (n=5) with representative western blot. Paired student t-test, one-way ANOVA, * p-value

< 0.05 compared to 0% FBS, # p-value<0.05 compared to 20% FBS (miR-301a).
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Figure 4.3: Transfection of miR-301a in hMPCs was found to cause a significant decrease in contractility
when compared to a Scrambled control in passage 1 (P1) cells, a non-significant decrease in contractility

was observed in hAFs (n=4 patients). Paired student t-test for the hMPCs and one-way ANOVA for the

hAFs, * p-value< 0.05 compared to Control.
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Figure 4.4: Cell proliferation quantification using MTT assay P1 hMPCs (A) and P1 hAFs (B) at t=0 hrs,
t=24 hrs, and t=48 hrs, showing a gradual increase in proliferation (n=4). One-way ANOVA, * p-value<

0.05 compared to Control.
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Figure 4.5: mRNA expression of myosin heavy chain-9 (MYHY), myosin heavy chain-10 (MYH10), and
collagenlAl (CollAl), collagenlA2 (CollA2) between scrambled Control and miR-301a transfected (A)
hMPCs at PO showing a significant decrease in transfected cells in all transcripts except Co/lA41 and
transfected (B) hAFs at PO show a significant decreased in MYH9 and Coll41 (n=4-6). Paired student t-

test, one-way ANOVA, * p-value< 0.05 and ** p-value < 0.01 when compared to Control.
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Figure 4.6: Protein level changes of non-muscle myosin IIA (NMMIIA), non-muscle myosin I1B

(NMMIIB), pro-collagen type I (Sp1.D8), and smooth muscle myosin (SMM) in A) hMPCs and B) hAFs

transfected with miR-301a compared to an Scrambled control (n=4-5) with representative WBs for ii)

NMMIIA, iii) NMMIIB, iv) Sp1DS§, and v) SMM. One-way ANOVA,* p-value< 0.05 compared to

Control
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Figure 4.7: Immunofluorescent staining of hMPCs showing decreases in a) NMMIIA c) EDA-
fibronectin (FN), d) Sp1D8 (green) and lack of change in b) NMMIIB (green) in cells transfected with

miR-301a. with F-actin (red) and nuclei DAPI stainine (blue). indicated bv “All”
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5. Phenotype Changes of Primary Human Bone
Marrow-Derived Mesenchymal Progenitor Cells On
Fibronectin-Coated Plates of Varying Surface
Tensions Influenced by MicroRNA

By Miiller AL, Li Y, Freed DH

Miiller AL: Collected & cultured cells, performed all experiments except microarray (performed by Dr. Czubyrt’s lab),
experimental design, wrote manuscript
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Abstract: Differentiation of human mesenchymal progenitor cells (hMPCs) has been shown to be
influenced by the surrounding microenvironment. It is important to understand the physiological
implications of the hMPC microenvironment regarding differentiation within the body, especially in
patients with cardiovascular disease. This can be investigated by understanding the influence of differing
extracellular matrix (ECM) stiffnesses found within the body, from the bone marrow to the infarct scar, to
effectively treat patients recovering from myocardial infarction. As hMPCs must respond rapidly to their
environment, the influence of microRNA at different surface tensions was also analyzed. HMPCs were
isolated from the bone marrow of patients undergoing open heart surgery and cultured in standard
DMEM/F12 with 20% FBS. These cells were plated on fibronectin-coated plates with surface tensions of
2kPa which simulates a bone marrow environment; 15kPa, which simulates a healthy left ventricle
environment; and plastic (>1000 kPa), representing a pathological fibrotic environment. Protein and
mRNA were collected for further analysis. Our data reveals that softer surface tensions, representing a
bone marrow-nondifferentiating environment, cause a decrease in the protein expression of proteins
expressed by myofibroblasts including EDA-fibronectin and alpha-smooth muscle actin. There were also
increases in mRNA of myosin heavy chain-9 and 10, and collagen-1. Evaluation of miR-301a expression
determined that, at 15kPa, it is increased. Interestingly, Dicerl, responsible for processing microRNAs, is
upregulated at softer surface tensions and attenuated at 15kPa. These results indicate that ECM stiffness
influences hMPC differentiation and the increase in Dicer] found with softer matrices could represent an

umbrella miRNA inhibition effect to effectively suppress hMPC differentiation.
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5.1 Introduction

It has previously been shown that ECM surface tension helps influence progenitor cell differentiation
(1), which demonstrates the importance of the ECM as a signaling element in determining cell fate. In an
elegant study by Hinz’s group (2), they showed that the expression of a-smooth muscle actin (a-SMA)
altered according to substrate stiffness. In stiff environments simulating a fibrotic scar, the expression of
a-SMA increased whereas it was decreased in softer environments. As previously observed, transfection
of miR-301a inhibits a pro-fibrotic phenotype, indicating that the influence of ECM could occur during
translation. Other miRNAs, including miR-21, miR-24, and miR-29 have been observed to be directly
involved influencing a pro-fibrotic phenotype in mesenchymal cells (3-6). The influence of the
mechanical nature of ECM is important in tissue engineering where various scaffolds are being developed
in order to optimize the healing effect of various cell therapies. Traditionally, cell culturing occurs on
plastic surfaces made up of polystyrene and subsequently treated by either corona discharge under
atmospheric pressure or gas-plasma under vacuum in order to transform the hydrophobic surface to
become more hydrophilic to permit cell binding (7). Although this method is relatively inexpensive and
predominantly used for culturing cells, it is not ideal for representing a physiologically accurate

environment.

The human body is composed of a variety of environments exhibiting different surface tension
pressures. The influence of how extracellular environment affects progenitor cells endogenously is
represented by the homeostatic lineages of bone marrow-derived MPCs. Although MPCs are derived
from the soft bone marrow niche, they exhibit tri-lineage potential by undergoing adipogenic,
chondrogenic, and osteogenic differentiation, which have increasingly stiff ECM (8). The study that
initially reported the sensitivity of hMPCs to ECM stiffness showed that they are capable of
differentiating into neurogenic, myogenic, and osteogenic lineages. It is important to note that prior to
culturing on plates of varying surface tensions, hMPCs were chemically induced using the appropriate

induction media to stimulate a targeted differentiation (1). This initial foray into elucidating the
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mechanical influence of ECM on stem cell differentiation stimulated hundreds, if not thousands, of
subsequent studies to understand the influence of ECM on stem cell differentiation. For example, the
manipulation of the ECM protein hyaluronan promotes cardiac gene expression in embryonic stem cells
(9). The importance of the structure of ECM was highlighted by an experiment comparing endogenous to
exogenous collagen, where EC differentiation along a myogenic lineage was compromised and failed to

be rescued by the mere addition of type 1 collagen (10).

Our lab is interested in investigating how various endogenous factors influence a pro-fibrotic response
in patients with pathological fibrosis. The study published by Hinz’s group (2) highlights the importance
of surface tension pressures influencing the activation of hMPCs into ECM protein-secreting pro-fibrotic
cells. It was observed that a decrease in surface tension pressures led to a decrease in a-smooth muscle
actin (a-SMA); however, further evaluation regarding how decreased surface tension pressures could
affect the expression of other pro-fibrotic markers is warranted. Our previous study (11), evaluated a
number of different proteins, both intracellular and extracellular, that are involved in a pathological pro-
fibrotic cell phenotype. It is important to evaluate the influence hMPCs have on the ECM as their
differentiation affects their secretome. We hypothesize that the hMPCs cultured on less stiff environments
will have reduced expression of both intracellular and extracellular pro-fibrotic molecules resulting in

reduced differentiation into a myofibroblast-like cell phenotype.

Differentiation initiates a change in the miRNA profile in order to alter the expression of protein
which ultimately defines the identity of a cell (12). There have been many miRNAs associated with the
activation of mesenchymal pro-fibrotic cells, including miR-145, miR-21, miR-24, and miR-29 (13-17).
More specifically, increased expression of miR-21 correlated with increased expression of pro-fibrotic
mRNA expression of hMPCs on stiff substrates emulating a fibrotic scar. After miR-21 knock-down, the
influence of the stiff substrate priming was attenuated, and hMPCs responded to softer substrates,

indicating a role of miR-21 in preserving fibrotic mechanical memory (17). As previously observed,
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increased miR-301a preserves a progenitor phenotype in hMPCs, so evaluation of how its expression is

influenced by varying substrate pressures is warranted.

5.2 Materials & Methods
Isolation and Culture of Primary Human MPCs

Human MPC cultures were prepared based on plastic adherence according to the methods developed
by Caplan and Friedenstein (18,19) with some modifications as previously described. Control hMPCs
were plated onto 10 cm plastic culture dishes coated with 2ug/cm? of fibronectin, whereas experimental
hMPCs were plated on 2 ug/cm? fibronectin-coated elastic silicone substrate culture plates exhibiting 2
kPa and 15 kPa of surface tension pressure. Plates at 2 kPa closely simulate the surface tension pressures
found in the bone marrow whereas plates at 15kPa simulate the surface tension pressures of non-fibrotic
cardiac muscle (20). It should be pointed out that each n-value of hMPCs cultured among the varying
surface tension pressures were isolated from the same patient to reduce the variability between pressures
as small as experimentally possible. After 24 hours, non-adherent cells (hematopoietic cells) were washed
off with PBS and discarded, and the adherent cells were thoroughly washed twice with PBS. Fresh
medium was added to the adherent cells and replaced every 3 or 4 days. Samples were harvested at PO for

protein and mRNA quantification analysis.

Western Blot Analysis

Passage 0 hAFs and hMPCs were lysed 48 hours post-transfection using the protein isolation and
quantification techniques described in Chapter 2.6. Equal amounts of each protein sample (20ug) were
separated on a 10% sodium dodecyl sulphate-polyacrylamide gel at 130 V. Separated proteins were then
transferred to a polyvinylidenedifluoride (PVDF) membrane for 1 hour at 300 mA. Membranes were
blocked with 5% non-fat skim milk in PBS (phosphate buffered saline) for 1 hour at room temperature.
After blocking, antibodies against alpha-smooth muscle actin (1:1000; Abcam), non-muscle myosin 1A

(NMMIIA, 1:2000; Abcam), EDA-fibronectin (1:1000; Santa Cruz), and pro-collagen I (1:1000;
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Developmental Studies Hybridoma Bank), were used to evaluate the protein expression with their
corresponding secondary antibody (goat anti-rabbit IgG, rabbit anti-mouse IgG; Jackson
ImmunoResearch Laboratories) conjugated with horseradish peroxidase. The loading control used was -
tubulin (1:1000, Abcam) which was probed for after blots were stripped using 0.5 M NaOH stripping
buffer. Proteins were visualized using Pierce ECL Western Blotting System (Thermoscientific) according
to manufacturer’s instructions. Densitometry was performed using GS-800 Calibrated Densitometer

(BioRad) and quantified using Quantity One software.

RNA and qRT-PCR Analysis

Collection and quantification of mRNA from passage 0 hMPCs was performed utilizing techqgniues
described in Chapter 2.5. Expression of collagenlAl (F — CCAAAGGATCTCCTGGTGAA; R —
AGTTTTGCCATCAGGACCAG), collagenlA2 (F - TTGACCCTAACCAAGGATGC; R-
TTCTTGGCTGGGATGTTTTC), myosin  heavy chain 9  (forward (F) primer -
ACACCGCCTACAGGAGTATGA; reverse (R) primer — ACACCGCCTACAGGAGTATGA), myosin
heavy chain 10 (F — AGGTGGACTATAAGGCAGATGAG; R — CTGTCTGATGACTGGTGCAAAA),
Dicer la (F — CATCATGTCCTCGCATTTTTG; R — GGTCAGTTGCAGTTTCAGCA), and Dicer 1b (F
— GAAGACCAGGTTCCACGAAA; R - GGCTGATCAGGTCTGGGATA) were analyzed by
quantitative real-time PCR. qPCR results were compared against B-actin which was used as a reference
gene. Expression of mRNA was determined using MT Mini Personal Thermal Cycler (Bio-Rad) using
Quanta Biosciences B-R 1-Step SYBR® Green qRT-PCR kit. Quantification of miR-301a was performed
using quantitative real-time PCR using Tagman small RNA assay with U6 as a reference gene. Reverse
transcription to make cDNA was performed using the TagMan®MicroRNA Reverse Transcription Kit
(Applied Biosystems) according to the manufacturer’s instructions. Amplification of cDNA was used
with Tagman®Universal PCR Master Mix (Applied Biosystems). U6 and miR-30la primers were

provided by ThermoFischer Scientific.
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Microarray Analysis of miR301a Transfected Cells

HMPCs were cultured on uncoated plastic and transfected with miR-301a. These cells were
trypsinized and then sent for microarray analysis by Dr. Czubyrt’s group in order to determine potential
miR-301a targets that could be influencing an anti-pro-fibrotic phenotype. A list of interesting potential
targets of miR-301a can be viewed at Table 5.1
Statistics

Statistical analysis was performed as described in Chapter 2 except analysis was done using SigmaStat

3.5 program. Microarray assay statistics performed by Dr. Czubryt’s group.

5.3 Results

Varying Surface Tensions Influence Pro-Fibrotic Protein Expression

Plates exhibiting 2 kPa and 15 kPa of surface tension represent the bone marrow and cardiac muscle
environmental surface tension pressures, respectively (8) where expression of pro-fibrotic protein markers
a-SMA and NMMIIA were found to be significantly decreased (Figure 5.1) compared to a plastic control,
representing fibrotic scar tissue. At 15 kPa, expression of a-SMA was decreased by more than 50%;
however, there was no significant difference determined between the protein expression of a-SMA or
NMMIIA between 2 kPa and 15 kPa. Protein analysis of extracellular matrix proteins EDA-FN and Coll
(Fig 5.2) were significantly decreased when hMPCs were cultured on 2 kPa plates. Interestingly, protein
expression of EDA-FN at 15 kPa was not found to be statistically different from either control or 2 kPa
culture conditions; however, Coll protein expression was found to also be significantly decreased at 15
kPa. Coll also expressed the most significant decrease in expression of the pro-fibrotic proteins being
evaluated by only expressing ~20% of its original expression compared to control at both 2 kPa and 15

kPa.
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Varying Surface Tensions Alter mRNA Expression of Pro-Fibrotic Markers

Although protein expression of various pro-fibrotic myofibroblast markers were significantly
reduced when cultured on plates exhibiting 2 kPa of surface tension pressure, mRNA of Colls, MYHY,
and MYHI10 exhibited different expression (Fig 5.3). Genetic expression of CollAl, CollA2, MYHO,
and MYH10 were all significantly increased compared to control; however when measuring the mRNA
levels of these genes at 15 kPa it was calculated that they were significantly decreased. This decrease in
mRNA expression was statistically different when compared to both the 2 kPa increase in expression as
well as to control when evaluating CollAl and CollA2. Gene expression of MYH9 and MYHI10 was
noted to be slightly increased at a 15 kPa surface tension pressure compared to control. Overall, it appears
that expression of both extracellular collagen and myosin heavy chain expression was increased at softer
surface tension pressures simulating a bone marrow environment, but then was reduced when exposed to

pressures found in healthy cardiac muscle tissue.

miR-301a Targets Dicerl Whose Expression Changes by Varying Surface Tensions

As protein expression results mirrored the results previously observed with miR-301a transfection,
quantification of miR-301a at various surface tension pressures was measured (Fig 5.4). Evaluation of
miR-301a expression at both 2 kPa and 15 kPa were both increased, however, it should be noted that
miR-301a expression of hMPCs cultured at 15 kPa was nearly 2-fold higher compared to hMPCs cultured
at 2 kPa. Furthermore, microarray analysis of transfected cells indicated that one of the potential
inhibitory targets for miR-301a is Dicerl (Table 5.1) as Dicerl was found to be decreased by 1.62 fold (p-
value<0.005) in miR-301a transfected cells. In order to evaluate whether or not Dicerl was influenced by
changes in surface pressure tension, mRNA expression of Dicerla and Dicerlb was quantified. Dicerl’s
pattern of expression mirrored that of Coll and MYH where there was a significant increase of expression
at 2 kPa which was decreased at 15 kPa. It should be noted that although that a significant decrease was

only observed with the Dicerla transcript, the Dicerlb transcript was not statistically different.

160



Interestingly, the mRNA expression of Dicerla was also significantly decreased compared to control as

well.

5.4 Discussion

As hypothesized, this study further demonstrates that hMPCs are influenced by changes in surface
tension pressures. In these experiments, 2 kPa represents the surface tension experienced by hMPCs
residing in the bone marrow, their niche environment that maintains their progenitor phenotypic state
(21). Surface tension pressure at 15 kPa mimics the pressure of the cardiac muscle environment, whereas
the control fibronectin-coated plastic plates represent a stiff, pro-fibrotic scar environment (20). The
softer environments led to a decrease in pro-fibrotic protein expression indicating a preference for
maintaining a progenitor-like phenotype. At surface tensions reminiscent of bone marrow, proteins
responsible for a profibrotic phenotypic change and secreted ECM proteins were decreased. This decrease
in protein expression was maintained at pressures simulating healthy cardiac LV tissue. The stiff
environment of the control showed increased expression of a pro-fibrotic cell phenotype, as indicated in
previously in our lab (11); however, the expression of EDA-FN was not different from either the bone
marrow or the stiff scar environment. This may be a result of working with primary human tissue, where
there is high variability between patients, but also because EDA-FN is an ECM that is secreted to

maintain homeostasis (22).

Interestingly, it is important to note that the changes in protein expression at 2 kPa, representing a
bone marrow environment, were completely opposite from the mRNA expression. This indicates that the
potential of differentiation into a pro-fibrotic phenotype is readily available as the translation step from
DNA to mRNA has already been performed. When measuring mRNA levels, it is possible to quantify
mRNA inhibited by miRNA as the primers may attach to a portion of the mRNA different from the where
the miRNA is preventing transcription. Therefore, we propose that this difference between mRNA and

protein expression is evidence that hMPCs in a progenitor state are “preparing” for responding to an
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injury. It is important to note that this discrepancy between mRNA and protein expression occurred in
proteins responsible for a phenotype transition from a progenitor to a pro-fibrotic phenotype, as well as
with collagen, a secreted ECM protein that make up a significant portion of the proteins found in fibrotic
scarring (23). This consistency of expressions between distinct functions in pro-fibrotic hMPCs could
indicate a priming of these progenitor cells in response to pro-inflammatory markers. It has been
established in a number of studies that h(MPCs respond to pro-inflammatory signals by promoting fibrosis
in areas of injury (21, 24-28); hence, it would be pragmatic for progenitor cells, when responding to an

injury, are ready to differentiate into an ECM protein secretory cell relatively rapidly.

Although mRNA expression at bone marrow simulated surface tension pressure was inversely
correlated with protein expression, mRNA levels substantially decreased when cells were cultured on
pressures representing a healthy cardiac LV environment. The sensitivity to different pressures highlights
the functional importance of ECM with regards to determining progenitor cell fate, including cells
responsible for responding to pro-fibrotic stimuli. The expression of collagen was also significantly
decreased compared to control, as healthy LV does not require excessive expression of collagen. It is not
well understood why there is an increase in mRNA expression of myosins with cells cultured at 15 kPa;
however, this was not reflected in the protein expression so this could reflecting a snapshot of an

intermediary stage for hMPCs that find themselves on healthy, contractile LV myocardium.

The quantification of miR-301a was performed at various surface tensions in order to investigate the
similarities regarding the inhibition of pro-fibrotic phenotypic differentiation upon transfection with miR-
301a and the stiffness representing healthy physiological environments. The expression of miR-301a was
also influenced by softer substrates, indicating an increased retention of an undifferentiated, non-pro-
fibrotic phenotype. Interestingly, the expression of miR-30la was significantly more expressed at a
healthy LV tissue pressure than in the un-differentiated bone marrow environment. The reason as to why
there is increased expression in a simulated healthy LV environment versus the endogenous bone marrow

environment of the bone marrow warrants further investigation. However, as our lab was intrigued by this
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result, a miR-301a microarray assay was performed to look for potential targets that may influence the
inhibition of a pro-fibrotic phenotype. Among the thousands of potential targets found, a significant
portion of them appear to be involved in DNA replication, mitosis, and ECM maintenance (Table 5.1).
The one that peaked the most significant interest was that of Dicerl, which was found significantly
decreased in miR-301a transfect hMPCs. Dicerl is an evolutionarily highly conserved protein of interest
as it is crucial in miRNA processing by facilitating the activation of miRNAs, first discovered to be
responsible for activating miRNAs involved in development (29). It is now known that that majority of
miRNAs require Dicerl as a crucial step in their activation (30), including miR-301a which suggests a
unique mechanism of self-regulation. This increase in expression of Dicerl could indicate a shift in the
miRNA profile which has been observed a variety of cell types (31-33). In fact, miRNAs have been found
to be able to, not only mediate the differentiation of progenitor cells into a final phenotype, but can also
conversely return differentiated cells into a stem-cell like state (12, 34-36). The significance of Dicerl in
embryonic cell differentiation was discovered when disruption of the Dicerl gene was lethal early in
development (12). The functioning of this modular capability of miRNAs is dependent on their activation
by Dicerl; hence, the significance of assessing varying expressions of Dicer] at different surface tension
pressures. The increase in Dicerl mRNA expression at 2 kPa and decrease at 15 kPa, parallel to mRNA
expression of genes involved in pro-fibrotic cell differentiation, further illustrates the potential for hMPCs

to in preparative status where these cells can quickly respond to damage signaling.

In conclusion, this evaluation of hMPCs indicates that they are solely susceptible to changes in surface
tension pressures which influence the expression of pro-fibrotic markers. The softer pressures
representing healthy physiological environments did not stimulate differentiation into a myofibroblast-
like phenotype; however, hMPCs remaining in their niche environment may be better prepared to respond
to damage by increasing the available of pro-fibrotic mRNA. The changes in miR-301a expression in
response to healthy environments may influence the progenitor hMPC phenotype by inhibiting Dicerl,

responsible for activating miRNAs which are crucial in stem cell differentiation. Further investigation
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into how miR-301a and Dicer] influence phenotype differentiation is warranted. Overall, it is evident that
the mechanical properties of healthy ECM environments attenuate hMPC differentiation into

myofibroblast-like cells.
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5.6 Figures
Figure 5.1: Western blot densitometry analysis of myofibroblast markers a) alpha-smooth muscle actin
and b) non-muscle myosin [IA showing a decrease at 2kPa and 15kPa in hMPCs grown on fibronectin-

coated plates compared to Control (n=5). One-way ANOVA,* p-value< 0.05 compared to Control
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Figure 5.2: Western blot densitometry analysis of extracellular matrix proteins a) EDA fibronectin and b)

pro-collagen-type I showing a decrease in 2kPa and 15kPa in hMPCs grown on fibronectin-coated plates

compared to Control (n=5). One-way ANOVA* p-value< 0.05 compared to Control
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Figure 5.3: mRNA analysis of a) collagenl-alphal and b) myosin heavy chain-9 and -10 in hMPCs
grown on fibronectin-coated plates indicating a significant increase from Control at 2kPa and a

significant decrease compared to 15 kPa compared to 2kPa, n=4. Paired student t-test, one-way

ANOVA,* p-value < 0.05 compared to Control; ok p-value <0.01 compared to Control; # p-value

<0.05 compared to 2 kPa plates; ## p-value < 0.01 compared to 2 kPa plates
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Figure 5.4: Quantification of miR-30la expression in hMPCs grown on fibronectin-coated plates

indicating increases at both 2 kPa and 15 kPa, n=4. Paired student t-test, one-way ANOVA, * p-value <
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Figure 5.5: mRNA analysis of Dicer la and Dicer 1b transcripts expressed in hMPCs grown on

fibronectin-coated plates indicating a increases at both 2 kPa and changes in expression at 15 kPa, n=4

patients. Paired student t-test, one-way ANOVA, *p-Value < 0.05 compared to normalized corresponding

Dicer Control; # p-value < 0.05 compared to 2 kPa plates; ## p-value < 0.01 compared to 2 kPa plates
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Table 5.1: Potential targets of miR-30la determined by microarray assay of transfected

hMPCs cultured on plastic.

Total
Target Context
General Function Gene Gene Name Score Pcr
CCND3 cyclin D3 -0.09 0.74
CCNY cyclin’Y -0.4 0.87
Cell Cycle CDK2AP2  cyclin-dependent kinase 2 associated protein 2 -0.28 0.36
CDK19 cyclin-dependent kinase 19 -0.28 0.94
CDKNI1A cyclin-dependent kinase inhibitor 1A (p21, Cipl) -0.16 0.58
PAK6 p21 protein (Cdc42/Rac)-activated kinase 6 -0.24 0.86
EIF2Cl1 eukaryotic translation initiation factor 2C, 1 -0.23 0.9
EIF2C4 eukaryotic translation initiation factor 2C, 4 -0.46 0.91
eukaryotic translation initiation factor 4E family
Protein Synthesis  EIF4E3 member 3 -0.17 0.97
E2F2 E2F transcription factor 2 -0.14 0.86
E2F7 E2F transcription factor 7 -0.24 0.89
RPS6KA2 ribosomal protein S6 kinase, 90kDa, polypeptide 2 -0.15 0.6
DICERI1 dicer1, ribonuclease type II1 -0.16 0.99
MEOX2 mesenchyme homeobox 2 -0.37 0.7
ZEB2 zinc finger E-box binding homeobox 2 -0.23 0.68
wingless-type MMTV integration site family, member
WNTI1 1 -0.24 0.9
wingless-type MMTYV integration site family, member
WNT2B 2B -0.31 0.75
wingless-type MMTYV integration site family, member
WNTI10A 10A -0.24 0.61
Cell
Differentiation FzD3 frizzled family receptor 3 -0.17 0.64
FZD6 frizzled family receptor 6 -0.27 0.67
KLF3 Kruppel-like factor 3 (basic) -0.17 0.94
KLF13 Kruppel-like factor 13 -0.16 0.91
SOX4 SRY (sex determining region Y)-box 4 -0.26 0.73
SOX5 SRY (sex determining region Y)-box 5 -0.12 0.58
SOX21 SRY (sex determining region Y)-box 21 -0.13 0.64
v-kit Hardy-Zuckerman 4 feline sarcoma viral
KIT oncogene homolog -0.13 0.81
IGF1 insulin-like growth factor 1 (somatomedin C) -0.48 >0.99
EDNI1 endothelin 1 -0.15 0.37
TNF tumor necrosis factor -0.23 0.57
TNFRSF1IB  tumor necrosis factor receptor superfamily, member 1B -0.25 0.83
BMP3 bone morphogenetic protein 3 -0.28 0.91
BMPRI1B bone morphogenetic protein receptor, type IB -0.17 0.55
Signal bone morphogenetic protein receptor, type I1
Transduction BMPR2 (serine/threonine kinase) -0.32 0.9
ACVRI activin A receptor, type I -0.46 0.96
ACVRIC activin A receptor, type IC -0.24 0.87
TGFB2 transforming growth factor, beta 2 -0.1 0.85
TGFBRI transforming growth factor, beta receptor 1 -0.16 0.75
SMAD4 SMAD family member 4 -0.14 0.79
SMADS SMAD family member 5 -0.23 0.88
SNIP1 Smad nuclear interacting protein 1 -0.21 0.46
PTEN phosphatase and tensin homolog -0.33 0.93
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Total

Target Context
General Function Gene Gene Name Score Pcr
interleukin 6 signal transducer (gp130, oncostatin
IL6ST M receptor) -0.22  0.83
signal transducer and activator of transcription 3
STAT3 (acute-phase response factor) -0.15  0.35
platelet-derived growth factor receptor, alpha
PDGFRA polypeptide -0.21  0.88
S1PRI sphingosine-1-phosphate receptor 1 -0.19  0.82
S1PR2 sphingosine-1-phosphate receptor 2 -0.13  0.81
SOCS5 suppressor of cytokine signaling 5 -0.1 046
Signal Transduction SOCS6 suppressor of cytokine signaling 6 -0.18  0.86
MAPK1 mitogen-activated protein kinase 1 -0.16 0.84
MAPK10 mitogen-activated protein kinase 10 -0.18  0.35
MAP3K9 mitogen-activated protein kinase kinase kinase 9 -0.28 091
MAP3K12 mitogen-activated protein kinase kinase kinase 12 -0.17  0.75
MAP3K14 mitogen-activated protein kinase kinase kinase 14 -0.09  0.78
mitogen-activated protein kinase kinase kinase
MAP4K4 kinase 4 -0.04 0.76
EFNB2 ephrin-B2 -0.17  0.58
EPHA7 EPH receptor A7 -0.04  0.69
EPHB4 EPH receptor B4 -0.13  0.78
GJAl gap junction protein, alpha 1, 43kDa -0.56  0.48
FNDC4 fibronectin type III domain containing 4 -0.26 0.74
ECM, Cytoskeleton,
and Cell Adhesion TIMP2 TIMP metallopeptidase inhibitor 2 -0.14  0.86
ADAM metallopeptidase with thrombospondin
ADAMTSI19 type 1 motif, 19 -0.16 0.72
integrin, alpha 4 (antigen CD49D, alpha 4 subunit
ITGA4 of VLA-4 receptor) -0.08 0.83
ITGAL11 integrin, alpha 11 -0.14 041
ITGB8 integrin, beta 8 -0.05  0.68
MYOI1D myosin ID -0.12 045
MYO10 myosin X -0.09  0.76
COL19A1 collagen, type XIX, alpha 1 -0.08 0.71
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6. Decellularized Human Ventricular Matrix as a Model
for Studying Human Mesenchymal Cell Phenotypes
Using Primary Human Mesenchymal Cells
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Abstract: As a result of pioneering research unveiling the influence of extracellular environment in
determining stem/progenitor cell differentiation, a myriad of cellular scaffolds have been developed in
order to optimize the delivery of these cells in a diseased environment as a technique to improve their
efficacy in stem cell therapy. Although a variety of scaffolds are being studied in different contexts, the
most physiologically relevant ones are those which most closely resemble the environment to be treated.
Our lab has a keen interest in cardiovascular disease and we have recently optimized a technique that
decellularizes and reseeds isolated sections of healthy porcine and human ventricular tissue with primary
human atrial cells. Porcine and human ventricular tissue is sliced between 100-200 um and subject to a
multi-step, multi-reagent washing process over a period of four days in order to decellularize the tissue,
utilizing various detergents and DNA-destroying reagents. ELISAs of pro-inflammatory markers IL-6 and
TNFa were assessed at each washing stage to evaluate washing efficacy and to ensure seeded cells were
not placed in a pro-inflammatory environment. After decellularization, tissue slices were co-incubated
with isolated primary human atrial fibroblasts (hAFs) or bone marrow-derived mesenchymal progenitor
cells (MPCs). Cells were isolated from patients undergoing open heart surgery. HAFs and hMPCs were
incubated separately on sections of decellularized human ventricular ECM over a period of 2-3 weeks and
then visualized using a variety of microscopy techniques, H&E staining, and IF imaging. Our technique
was successful in reseeding decellularized porcine ventricular extracellular matrix determined by the
visual presence of cells on recellularized tissue sections compared with decellularized tissue sections.
This indicates that the technique was successful in reseeding decellularized human ventricular
extracellular matrix and that it can be used to compare differences among cell types and their responses
between healthy and damaged or diseased cardiac ECM among different hearts and even within the same

heart at a fraction of the resources required to decellularize and recellularize an entire organ.
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6.1 Introduction

The field of tissue engineering has led to significant advancements in regenerative technology. One of
the most revolutionary approaches, responsible for propelling this field forward, was developed by Dr.
Doris Taylor’s group when they were successfully able to decellularize and then effectively recellularize
rodent hearts which could generate pump function (1). This technique was recently shown to be effective
in a porcine animal model (2), representing its potential for becoming a viable clinical option for organ
transplant. Since this crucial discovery, decellularizing ECM has become a common method in generating
scaffolding for a variety of tissues including skin, bladders, vasculature, adipose tissue, pericardium,
ligaments, and tendons, many of which are currently used clinically (3-10). Although currently in the
developmental phase, the most recent concept utilizing decellularization involves expanding the donor
organ pool by developing a biological artificial heart (11), potentially using recently deceased donor
organs as the source of viable, human ECM to then be repopulated by the recipient’s own progenitor cells

collected at an earlier date.

Despite the ground-breaking impact of decellularization in the tissue engineering field, there has been
limited application of this technique to better understand physiological responses in diseased tissues. A
paper by Parker et al (12) used this technique to assess mRNA expression in tissue procured from patients
with idiopathic pulmonary fibrosis (IPF); however, there is currently no application of this technique
exploring cardiac fibrosis. There is significant potential in utilizing decellularized diseased myocardium
procured from explanted patients’ hearts as it could be the most physiological relevant model when
evaluating how primary human cells respond to fibrotic cardiac tissue. Our lab saw an opportunity to use
this technology to develop an in vifro model as physiologically relevant as possible using human

explanted hearts and primary human cells isolated from patients undergoing open heart surgery.

Utilization of this technique can also be used to better understand how progenitor cells endogenously

respond to either pro-fibrotic or healthy extracellular environments. Our previous experiments, and others
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(13-16), have demonstrated the importance of the extracellular environment in determining progenitor
cell fate. This is important when developing ECM-based tissue engineering technologies. Although there
have been many basic science and clinical studies evaluating multitudinous ECM environments (3-10),
very few of them have published evaluations of the response of circulating and endogenous progenitor
cells contributing to the damaged, fibrotic environment being treated. The development of a technique
utilizing human cardiac extracellular matrix is important as it represents a physiologically accurate
environment to elucidate endogenous cell responses to ECM. In this experiment, a decellularization and
recellularization technique is presented that can be used to evaluate physiological responses to human

ECM.

6.2 Materials and Methods

Isolation and Culture of Primary Human MPCs and Human AFs

. HMPC and hAF cultures were prepared based on plastic adherence according to the methods
described in Chapter 2. HAFs and hMPCs were cultured in 10 cm? dishes until 90-95% confluence when
they were harvested at P1-P2 for co-incubation with decellularized human left ventricular tissue.
Decellularization Protocol

A schematic of the decellularization process and protocol is represented by Figure 2a. Cardiac tissue
was acquired from un-utilized donor hearts (control) and excised explant hearts from consented patients
undergoing cardiac transplant surgery. Large chunks of tissue were placed in containers surrounded by
OCT, rapidly frozen in liquid nitrogen, and stored at -80°C. In order to prepare smaller sections, frozen
tissue was sliced at ~150-200 nm thickness using a cryostat, put in cold PBS, and warmed to room
temperature. The following decellularization procedure was slightly modified from that utilized in Parker
et al’s paper (12) and performed in a sterile environment. First, tissue slices were placed in histological
cassettes within a 100-mm Petri dish to allow flow of solutions with minimal damage to tissue slices. All
oscillation rates during this decellularization procedure were at 30 oscillations per minute at room

temperature, unless otherwise specified. All solutions were autoclaved prior to use except for the DNAse
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(20pg/mL) plus 4.2 mM MgCl solution which was vacuum filtered using a 0.22 um pore membrane. Two
1 hour cycles of the first lysis solution (1% SDS in H>O) was used before a third cycle was oscillated
overnight. The following day, the first lysis solution was removed and replaced with 1% Triton X-100 in
HO (the second lysis solution) and oscillated for three 1 hour long cycles of decellularization using fresh
solution at the beginning of each cycle. After the final hour cycle using the second lysis solution, the final
cellular lysis step used 1% Triton X-100 solution oscillating overnight. The tissue slices were then
thoroughly rinsed by using two rounds of PBS followed by 8 rinses of double distilled H,O (DDW),
essentially until no more bubbles were observed during the rinse steps. In order to thoroughly remove any
residual nuclei or DNA, the following steps were performed. Firstly, 1 M NaCl (in H,O), was added to
the tissue and oscillated for 1 hour. Afterwards, treatment with DNAse (20pug/mL) plus 4.2 mM MgCl (in
H,0) at 37°C occurred for an hour, oscillating at 25 oscillations per minute. The tissue was subsequently
rinsed twice with DDW and then twice with PBS. The final step, prior to storage, was to protect the tissue
from bacterial contamination by oscillating it with Hank’s Buffered Saline Solution (HBSS) plus 100
U/mL penicillin and 100 pg streptomycin (P/S) for 30 minutes. Afterwards, the tissue was removed from
the histology cassettes and stored in HBSS plus P/S at 4°C. Prior to co-incubation with either hMPCs or
hAFs, selected decellularized sections were rinsed twice with PBS at RT, and incubated in the same
culture media used to grow the corresponding cell type at 37°C overnight. Co-incubation with hMPCs or

hAFs proceeded the following day.

Recellularization Protocol

At 90-95% confluency, P1 primary hMPCs and hAFs were trypsinized using TrypLE and centrifuged
at 2000xG for 7 minutes to pellet cells. They were re-suspended in 1 mL of media (DMEM-F12, 20%
FBS, 100 ug/mL of Primocin™, and 100 mM ascorbic acid) and added to 15 mL tubes so that each tube
contained ~5,000,000-10,000,000 cells. Five to ten pieces of decellularized HLV were added to each tube
and the volume of media brought up to 10 mL. Tubes were placed on a battery powered rotating device

and kept in an incubator at 37°C (95% CO, 5% O.) overnight. The following day, recellularized were
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rinsed 2X in PBS prior to being put in fresh media and returned, rotating, into the incubator where media
was changed every 3 days for two to three weeks. Recellularization was deemed complete after media
colour change rate was equivalent to plates at 90% confluency. Slices were fixed in the appropriate

fixation solution (either 4% paraformaldehyde or specified for SEM and TEM).

H&E Staining

Staining was performed on paraffin-embedded recellularized healthy and explants HLV myocardial
samples after deparaffinization using SafeClear Xylene substitutes (Fisher Scientific) following the
manufacturer’s instructions. After rehydration, slices were washed briefly in DDW before being stained
with Harris hematoxylin solution for 8 minutes. After washing for 5 minutes under running distilled
water, specimens were differentiated in 1% acid alcohol for 30 seonds, washed under running water for 1
minute, and put in saturated lithium carbonate solution for 1 minute. After washing under running water
for 5 minutes, samples were rinse in 95% ethanol 10x and then counterstained using eosin-phloxine
solution for 1 minute. Specimens were then dehydrated, mounted, and viewed using an Olympus SZ61

TR Stereo Light Microscope with an OPLENIC Digital Eyepiece camera.

Quantification of Pro-Inflammatory Markers

Aliquots of solution at the end of each different incubation solution used in the decellularization
process (1% SDS, 0.1% Triton X-100, NaCl, DNase, HBSS, and media) were stored at -80°C until later
use. Analysis of pro-inflammatory markers tumor necrosis factor-o. (TNFa) and interleukin-6 (IL-6) was
performed using enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN) following

the manufacturer’s directions.

Scanning and Transmission Electron Microscopy

Decellularized and recellularized samples for both scanning electron microscopy (SEM) and

transmission electron microscopy (TEM) were fixed in a solution of 2.5% glutaraldehyde, 2%
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paraformaldehyde, and 0.1M phosphate buffer (pH 7.2-7.4). Samples were stored at 4°C until processing.
Samples for both SEM and TEM underwent washing 3x with 0.1 M phosphate buffer (15 min/wash) and
then incubated with 1% osmium tetroxide in 0.1 M phosphate buffer for 1 hr. Dehydration of SEM and
TEM started at 30% ethanol, then 50%, 70%, 90%, and 100% three times for 15 min each. At this point,
SEM samples were washed with ethanol:HMDS (hexamethyldisilazane) at a 75:25 ratio for 15 min. After
that ethanol: HMDS ratio were 50:50, then 25:75, and then twice with pure HMDS, each for 15 min. The
SEM specimens were left to dry overnight in a fume hood prior to mounting on SEM stubs and sputter

coated with Au/Pd prior to viewing on a Philips/FEI (XL30) Scanning Electron Microscope.

TEM samples were infiltrated with Spur’s resin after dehydration at a ethanol:Spurr mixture of 1:1 for
three hours, after which the samples were put in pure Spur’s resin and left overnight. The following day,
the Spur resin was changed and the samples were embedded on flat molds and then cured overnight in a
70°C oven. Sectioning was performed by a Reichart-Jung Ultracut E Ultramicrotome at 90 nm of
thickness and stained with uranyl acetate and then lead citrate. Specimens were viewed on a Philips-FEI

Morgagni 268 Transmission Electron Microscope operating at 80 kV using a Gatan Orius CCD camera.

Immunofluorescent Imaging

Fixed recellularized HLV sections were co-incubated with hMPCs were processed in paraffin for
further sectioning using a microtome to slice 10 um thick sections. Deparaffinization was done using
SafeClear Xylene substitutes (Fisher Scientific) following the manufacturer’s instructions. After
rehydration, tissue was stained using primary antibodies anti-integrin betal antibody (Abcam, Cambridge
UK) and anti-collagenl antibody (Abcam). Secondary antibodies used were Alexa Fluor IgG dyes 647
and 546, respectively, from Life Technologies (Carslbad, CA, USA). DAPI staining was used to identify
nuclei using a concentration of 300 nM after prior to mounting on a coverslip using ProLong Diamond
Antifade Mountant (ThermoFischer Scientific, Waltham, MA, USA). Slides were imaged on a Zeiss LSM

710 confocal microscope.
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Statistics
Statistical analysis was performed as described in Chapter 2 except analysis was done using SigmaStat
3.5 program.

6.3 Results

Diseased Versus Healthy Cardiac LV Extracellular Matrix

Un-utilized donor cardiac LV tissue exhibits a heterogenous colour indicating a lack of fibrotic lesions
and no blatant infiltration of immune cells (Fig 6.1). LV tissue procured from a patient who was
supported with a left ventricular assist device (LVAD) shows evidence of extensive scarring and
infiltration of pro-inflammatory cells indicated by the deepened purple colour. In order to evaluate the
potential for the release of pro-inflammatory cytokines during the decellularization procedure, analysis of
pro-inflammatory makers TNFa and IL-6 was performed (Fig 5.2b). This is also important to determine
whether these molecules are present during the recellularization process as it may impede its efficacy.
ELISA analysis of TNFa and IL-6 show a steep increase after washing with SDS, which remained stable
until the final few decellularization steps. Most importantly, the level of TNFa and IL-6 was not
significantly different from the start of the decellularization process prior to washing with detergents and

significantly decreased from the initial increase in concentration after washing with 1% SDS.

Recellularization of Cardiac LV Extracellular Matrix

There are clear visual differences between decellularized and recellularized LV tissue, even at the
macroscope level where recellularized tissue appears more opaque and even slightly yellow (Fig 6.3a). At
the cellular level, visualized with both scanning electron microscopy (Fig 6.3b) and transmission electron
microscopy (Fig 6.3c), it is evident that cells have successfully infiltrated the decellularized LV tissue.
Not only do cells appear to be viable, but also active in mitosis, as evident by the mitosis captured by

TEM, indicated with an arrow. Extracellular matrix fibrils at a variety of orientations are visualized as
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well. The extent of cellular infiltration is visualized in Fig 6.4 using H&E staining to highlight nuclei and
scar tissue present in explants of cardiac tissue. As a result of the nature of recellularization, cells must
migrate from the exterior of the tissue towards the center, as is evidenced in the control tissue by the
concentration of nuclei on the perimeter of the tissue. Although the explant tissue is more fibrotic, which

is a barrier to migration, cells can be observed infiltrating the non-fibrotic portions of the tissue.

Interaction with Extracellular Matrix

TEM was able to capture an image of a cell interacting with the ECM after recellularization (Fig 6.5a).
There appears to be vesicles exhibiting either endocytotic or secretory behavior as well as secretion of
ECM fibrillar proteins. Immunofluorescent imaging of recellularized tissue (Fig 6.5b) show a positive
signal for integrin-p1, a membrane protein that functions as a collagen receptor, in close proximity with

the collagen-1.

6.4 Discussion

In order to accurately understand the physiological response to disease and effectively test
translational therapies, basic science must use methods that most closely resemble the problem at hand.
The ability of the ECM environment to manipulate a pro-fibrotic phenotype of mesenchymal-derived
cells (17,18) provides a unique opportunity to use a readily available, physiologically relevant resource to
better understand fibrosis pathology. Being able to use healthy and diseased ECM as a scaffold for hAFs
and hMPCs provides the most accurate representation of what is occurring endogenously between hAFs,
hMPCs, and ECM. This experiment demonstrates that it is possible to recellularize human ECM,
regardless of whether the ECM is healthy or riddled with fibrotic lesions, and effectively acquire and

analyze molecular data as if it was pieces of tissue.

Although this process involves steps which promote cell lysis, and thus the release of pro-
inflammatory cytokines (1), the multitude of decellularization steps effectively remove the influence of
these pro-inflammatory cytokines from disrupting the recellularization process. IL-6 and TNFa are
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infamous for being the primary culprits for stimulating an anti-inflammatory pro-fibrotic response in
cardiovascular disease (19,20). Ensuring that these cytokines are no longer present is important in
elucidating the genuine effect of ECM on mesenchymal cells that experience a phenotypic change in
response to both molecular and mechanical influences of fibrotic tissue. The increased presence of these
cytokines during the decellularization process also show that they are released in response to the process
so it is important to ensure that they are removed by the recellularization step so that their influence on

pro-fibrotic influence of the ECM are not being exaggerated by molecular mechanisms.

An interesting observation about the nature of recellularization is that cells do cluster around the
perimeter of the decellularized tissue. This mechanical barrier must be bypassed in order for cells to be
surrounded ECM in a three-dimensional manner. In order for cells to penetrate the border of the
decellularized ECM, they must effectively interact with it using a variety of proteases to facilitate further
migration. This demonstrates direct interaction with the ECM including molecular connection with the
ECM to sense its presence (21), releasing secretory vesicles filled with proteases to degrade ECM
proteins to ease migration (22), and continual cellular movement through the ECM via focal adhesion
turnover (23). Not only does this demonstrate mesenchymal cell interaction with ECM, but also a
biologically active ECM that influences cell behaviour, indicating a physiologically relevant technique for

studying the influence of ECM on cells.

These experiments use key elements from a technique that was originally developed on a whole organ
rodent model (1); however it requires significantly less resources in order to, not only be effective, but
arguably more physiologically accurate and precise. First of all, although this technique can be applied to
sections of ECM isolated from various animal models, it is more translational as it can use patient tissue,
which is significantly more difficult to come by when wanting to decellularize an entire heart. A
significant drawback to using an entire organ is the monstrous amount of cells required to recellularize an
entire organ, regardless of the experimental model (11). Our technique uses a fraction of the cells, which,

in turn, uses fewer number and volume of reagants, is significantly cheaper, and takes much less time. It
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also has the flexibility to be co-incubated with a variety of different cells to evaluate a more focused
effect of ECM, for example a direct evaluation of fibrotic lesions on immune cells. Being able to use a
fraction of the cells also permits studying the effect of how certain treatments may influence the cellular
response to the ECM which could be use to develop effect anti-fibrotic medication. It can also be used as
a template to study other types of tissue engineering experiments by evaluating how various scaffolds
and/or cell therapy techniques respond to fibrotic environments that would be present endogenously in the
patient. Finally, because smaller portions of tissue are acquired from a whole organ, it is possible to
excise specific areas of tissue, whether it be fibrotic foci, more diffuse fibrotic areas, or areas with
minimal or no presence of fibrosis to be able to compare ECM within the same patient. In conclusion,
decellularization and subsequent reseeding of human ECM primary human mesenchymal-derived cells is

an effective technique to study genuine physiological interactions with healthy and fibrotic cardiac tissue.
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6.6 Figures

Figure 6.1: H&E imaging of human left ventricular cardiac muscle from control heart and explanted pro-

fibrotic heart (EPFH) at 2.5x and 10x zoom
2.5x

Control

 mercemmeem—
200 um
- 4
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Figure 6.2: a) Schematic of decellularization process (SDS-sodium dodecyl sulfate, O/N-overnight,
NaCl-sodium chloride, MgCl,-magnesium dichloride, P/S-penicillin streptomycin, HBSS-Hank’s

buffered salt solution); b) ELISA analysis of pro-inflammatory markers IL-6 and TNFa during human

decellularization wash stages, n=4. One-way ANOVA,* p-value < 0.05 compared to Control; # p-value

< 0.05 compared to SDS
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Figure 6.3: Images of decellularized left ventricular (LV) cardiac tissue and recellularized LV cardiac
tissue seeded with human bone marrow-derived progenitor cells viewed a) macroscopically, b) with a
scanning electron microscope, ¢) and with a transmission electron microscope. Arrow indicates possible

cell mitosis. Collagen fibril orientation highlighted by red circle.

Decellularized LV Tissue Recellularized LV Tissue
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Figure 6.4: Images of recellularized human LV tissue a) with H&E staining indicating extent of

recellularization by highlighting nuclei (blue = nuclei)

Control

Explant
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Figure 6.5: a) Transmission electron microscopy tissue highlighting interaction, with ECM at 44 000x
zoom, and b) Immunofluorescence imaging of recellularized LV tissue; red = collagen 1 (C), far red =

integrin-1 (I1)

a)

I-1, C + DAPI

b)
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20X




7. Increased Expression of Pro-Fibrotic Markers in Primary
Human Atrial Fibroblasts and Bone Marrow-Derived
Mesenchymal Progenitor Cells Caused by Recellularizing
Pathologically Fibrotic Human Extracellular Matrix is
Attenuated by Transfection with miR-301a

By Miiller AL, Wang X, Freed DH

Miiller AL: Performed all experiments except qRT-PCR, experimental design, wrote manuscript
Wang X: Performed qRT-PCR experiments

Freed DH: Experimental design, edited manuscript
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Abstract: Decellularized matrix is a material that is increasingly being used in tissue engineering to
optimize tissue repair therapies. The heart is an important target for tissue repair as it lacks effective
endogenous healing ability after suffering injury. CorMatrix® is a novel extracellular matrix (ECM)
bioscaffold developed from decellularized porcine intestine used to promote healing in vascular,
pericardial, and cardiac tissue repair. It is currently being used clinically to encourage healing and has
been found to be effective, yet there is no research available on how endogenous progenitor cells that can
contribute to pathological fibrosis as a result of cardiovascular damage, respond to CorMatrix®. There is
also the opportunity to utilize native cardiac ECM to better understand the endogenous response of pro-
fibrotic cells to healthy and damaged ECM. Previous research has alluded to over-expression of a pro-
proliferative miRNA, miR-301a, inhibiting pro-fibrotic differentiation of endogenous mesenchymal-
derived progenitor cells. These experiments investigate the reaction of endogenous hMPCs and hAFs to a
variety of decellularized matrices; CorMatrix®, unutilized human donor cardiac LV tissue, and explanted
human cardiac LV tissue from a patient who had been equipped with a left ventricular assist device. The
effect of these matrices on mesenchymal cell pro-fibrotic differentiation was compared to regular culture
methodology using plastic plates and cells at P1. In order to evaluate the effect of these ECMs on pro-
fibrotic differentiation, qRT-PCR analysis was performed on a variety of pro-fibrotic markers as well as
an ELISA on the protein content of a-SMA, an important indicator of a myofibroblast-like phenotype. In
order to evaluate the efficacy of mir-30la on attenuating pro-fibrotic differentiation, miR-301a
transfected hAFs and hMPCs were also seeded on healthy or explanted human LV tissue. An increase of
pro-fibrotic markers were measured for both hAFs and hMPCs seeded on CorMatrix®. There were also
increases of pro-fibrotic markers in cells seeded in the fibrotic explant LV which was attenuated by miR-
301a transfection. These results highlight the importance of a physiologically relevant disease model as
the effectiveness of a single miR in attenuating the affects of diseased myocardial ECM. Increased
expression of miR-301a could be applied to cell therapy techniques when looking to repair damage in
fibrotic areas in order to prevent the influence of this pathological environment from impairing reparative
processes.
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7.1 Introduction

Novel developments in the field of tissue engineering have provided a variety of novel techniques to
tackle tissue repair and cell therapy. One of the most significant contributions is the development of three-
dimensional matrices for cell culture to better mimic a physiological environment as it provides
mechanical properties and structural support for cell attachment and tissue development (1). Not only can
a three-dimensional culture environment promote endogenous cell behaviours including proliferation,
migration, matrix production, and differentiation, but studies evaluating pathologies using these
technologies provide a more accurate representation of what occurs at a physiological level (2). One of
the most effective sources of scaffolding that provides a 3D environment is decellularized extracellular
matrix (ECM). Since the publication from Taylor’s group (3) demonstrating the importance of ECM
alone in facilitating cell orientation and function to produce cardiac contraction, a variety of applications
of decellularized ECM have been used both in basic science as well as in the clinic. For example,
CorMatrix® is a versatile patch developed from decellularized porcine small intestine submucosa (SIS),
that is routinely utilized in cardiac surgery for pericardial tissue repair, congenital cardiac surgery,
infective endocarditis, repair of atrial septal defects, pulmonary arterioplasty, and aortoplasty applications
(4,5). Since the decellularization method removes the majority of cellular components and antigens from
the tissue, as demonstrated in the previous chapter, there are decreased risks of inflammatory response
and immunological rejection (6-8). However, even though this tissue is being utilized in the clinic, it is
currently not well understood how endogenous mesenchymal cells, sensitive to stiff environments,
respond to CorMatrix®. This is important as the ECM of SIS is densely packed and provides a stiffer

substrate which could promote the differentiation of mesenchymal cells into a pro-fibrotic phenotype (9).

As influential as the effect of the properties of ECM are on promoting a pro-fibrotic phenotype
(10,11), our lab previously demonstrated that transfection with miR-301a was able to attenuate the effect,
preventing differentiation into a myofibroblast-like cell. MiR-301a is a microRNA, a non-coding RNA

molecule that is responsible for shifting in genetic expression. The ability of miRNA to influence protein
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expression rapidly has been noted in numerous cell types under a variety of physiological and
pathological parameters (12). MicroRNAs (miRNAs) have recently emerged as a novel intrinsic method
of gene regulation predominantly located in intronic gene sequences as 21 or 22 nucleotide-polymers.
They act by post-transcriptionally binding the 3’UTR of mRNA targets and ultimately decreasing mRNA
levels (13). These molecules have been implicated in a variety of cell processes including differentiation
(14-16).The effectiveness of miR-301a likely plays a mechanistic role in suppressing the contractile
phenotype while favouring the proliferative phenotype in both hMPCs and hAFs. Like all microRNAs, it
is unlikely that miR-301a has a direct effect on hMPC phenotype, but rather that it suppresses
protagonists of the myogenic phenotype, maintaining a predominantly proliferative physiology. Using the
decellularization technique described previously, our lab will compare the effect of CorMatrix®,
decellularized human explants left ventricular (LV) tissue, decellularized unutilized human donor LV
tissue on the pro-fibrotic phenotype of primary hAFs and primary hMPCs compared to traditional two-
dimensional cell culture. We will further investigate the effect of miR-301a transfection to determine if it

is able to attenuate a pro-fibrotic phenotype in a three-dimensional culture environment.

7.2 Materials & Methods

Isolation, Culture, and Transfection of Primary Human MPCs and Human AF's

Human MPC cultures were prepared based on plastic adherence according to the methods developed
by Caplan and Friedenstein (17, 18) with some modifications. Further details of this procedure and
isolation of hAFs can be found in Chapter 2. After 10 to 14 days of cultivation, primary cultures were 60-
80% confluent. Cells were then dissociated with TrypLE Express (GIBCO®) and seeded at low densities
for expansion through successive passages. HAFs and hMPCs were cultured in 10 cm? dishes until 90-
95% confluence when they were harvested at P2 for co-incubation with decellularized human left

ventricular tissue. Transfection was performed on P1 cells as described in Chapter 2.
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Decellularization Protocol

Decellularization occurred as was previously described in the Methods secton. Briefly, cardiac tissue
was acquired from un-utilized donor hearts (control) and excised explant hearts from consented patients
undergoing cardiac transplant surgery. Large chunks of frozen tissue was sliced at a~150-200 um
thickness using a cryostat, put in cold PBS, and warmed to room temperature. Two 1 hour cycles of the
first lysis solution (1% SDS in H,O) was used before a third cycle was oscillated O/N. The following day,
the first lysis solution was removed and replaced with 1% Triton X-100 in H>O (the second lysis solution)
and oscillated for three 1 hour long cycles of decellularization using fresh solution at the beginning of
each cycle. After the final hour cycle using the second lysis solution, the final cellular lysis step used 1%
Triton X-100 solution oscillating overnight. After rinsing with PBS and DDW, 1 M NaCl (in H,O), was
added to the tissue and oscillated for 1 hour. Afterwards, treatment with DNAse (20pg/mL) plus 4.2 mM
MgCl (in H,O) at 37°C occurred for an hour. The tissue was subsequently rinsed with DDW and then
with PBS. The tissue was placed in Hank’s Buffered Saline Solution (HBSS) plus 100 U/mL penicillin
and 100 pg streptomycin (P/S) for 30 minutes prior to storage in in HBSS plus P/S at 4°C. Prior to co-
incubation with either hMPCs or hAFs, selected decellularized sections were rinsed twice with PBS at
RT, and incubated in the same culture media used to grow the corresponding cell type at 37°C overnight.

Co-incubation with hMPCs or hAFs proceeded the following day.

Recellularization Protocol

The recellularization procedure is more thoroughly explain in the Methods section. Briefly, confluent
P1 primary hMPCs and hAFs were trypsinized and centrifuged to produce a pellet. They were re-
suspended in media (DMEM-F12, 20% FBS, 100 pg/mL of Primocin™, and 100 mM ascorbic acid) and
added to tubes so that each tube contained ~5,000,000-10,000,000 cells. Pieces of decellularized HLV
tissue were added to each tube and the volume of media brought up to 10 mL. In order to evaluate the
effect of Cormatrix® on hAFs and hMPCs, the same co-incubation steps were taken; however

Cormatrix® was re-hydrated according to standard clinical protocol illustrated in the manufacturer’s
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instructions. Control for the Cormatrix® experiments were aliquoted from the pooled cells and grown in
the same culture conditions used to achieve desired confluency for recellulation. Tubes were rotate O/N at
37°C (95% COs, 5% 0»). The following day, recellularized tissue pieces were rinsed 2X in PBS prior to
being put in fresh media and returned, rotating, into the incubator where media was changed every 3 days
for two to three weeks. Recellularization was deemed complete after media colour change rate was
equivalent to plates at 90% confluency. Slices were fixed in the appropriate fixation solution (either 4%

paraformaldehyde or specified for SEM and TEM) or frozen in liquid N> for protein and mRNA isolation.

mRNA and Protein Isolation

Recellularized slices of tissue of from Cormatrix® and the HLV were homogenized in New RIPA
lysis buffer (150 mMNacCl, 50 mM Tris pH 8.0, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate,
0.1% SDS, and 1% Triton X-100) and protease inhibitor cocktail (0.1 M phenylmethylsulfonyl fluoride, 5
ug/ml leupepetin, 2 ug/ml aprotinin, and 1 pg/ml pepestatin). For mRNA isolation, a portion of the
homogenate was added to 1 mL of TRIzol, frozen overnight, and then thawed the following day to
proceed with mRNA isolation as per manufacturer’s instructions (Ambion, Foster City CA, USA)
previously described in Chapter 2. The remainder of the homogenate was set aside for protein analysis.
Homogenate debris was spun down into a pellet using 2000XG for 5 minutes and the remaining liquid
supernatant was set aside for protein concentration analysis by the Bradford Lowry Protein Assay method
using reagants provided by Bio-Rad (Hercules CA, USA) and following the manufacturer’s instructions

as described in Chatper 2. Protein samples were stored at -20°C until later use.

qRT-PCR Analysis

Expression of collagen1Al, collagenl1 A2, fibronectin-1, myosin heavy chain 10, myosin heavy chain
11, a-smooth muscle actin, S100A4, and vimentin (see Table 7.2 for primers) were analyzed by
quantitative real-time PCR. qPCR results were compared against B-actin which was used as a reference

gene. Expression of mRNA was determined using the Quanta Biosciences (Beverley MA, USA) B-R 1-
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Step SYBR® Green qRT-PCR kit according to the manufacturer’s instructions and analyzed using the
Roche Lightcycler 480I1. The PCR thermo-cyling program conditions program was pre-incubation at
95°C for 5 min, a 50-cycle amplification at 95°C for 10 sec followed by 65°C for 30 sec, a melting curve
of 95°C for 5 sec, 65°C for 1 min, and then 97°C continuously, after which cooling occurred at 40°C for
15 sec.

Quantification of a-Smooth Muscle Actin

To quantify the protein level of a-smooth muscle actin (a-SMA), an enzyme-linked immunosorbent
assay (ELISA) was procured from MyBioSource (San Diego CA, USA). A total of 100 ng of protein
homogenate was loaded into each well for quantification. Results were measured using a Synergy H4

Hybrid Reader Gen5 2.00 Spectrophotometer (BioTek, Winooski VT, USA).

Statistics
Statistical analysis was performed as described in Chapter 2 except analysis was done using SigmaStat
3.5 program.

Table 7.2: Forward and reverse primers used for gRT-PCR

Gene Forward Primer Reverse Primer
Collagen 141 CCAAAGGATCTCCTGGTGAA AGTTTTGCCATCAGGACCAG
CollagenlA2 TTGACCCTAACCAAGGATGC TTCTTGGCTGGGATGTTTTC

Fibronectin-1 GTATGAGGGAACACACTTGTGCT  TGACTTCATGCCTCTACTCTCTCA

Myosin Heavy AGGTGGACTATAAGGCAGATGAG CTGTCTGATGACTGGTGCAAAA
Chain 10

Myosin Heavy CTGCAGGAGAGACAGTAGGC TACCCCTGAGGCATGACTCC
Chain 11
a-Smooth GCAGTAGTGTGGTGTTCTGTATCA GGCTTGGCTGTAATTGATTCACAAG
Muscle Actin
S100A44 TGCTCTAGAGCAAGACTGCTG GGTGGGATTAATAAGACGGTCTCTG
Vimentin GTTATCAAGACAGACTCAAAAGG CATTTCACGCATCTGGCGTT

GACTT
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7.3 Results

Effect of CorMatrix® on hAFs and hMPCs on pro-fibrotic markers

Recellularization of CorMatrix®, a clinical ECM scaffold product isolated from porcine intestines,
was found to have varying effects between hAFs and hMPCs (Figure 7.1). Although there appeared to be
a significant increase in CollAlexpression in hAFs, it was not significant, unlike the comparable, but
statistically significant increase in CollA1 expression measured in hMPCs when compared to standard
culturing conditions. Col/lA2 expression was blunted in both mesenchymal cell types, but more severely
in hMPCs. Fibronectin mRNA levels were strikingly opposite between hAFs and hMPCs where a

significant increase expression occurred in hAFs but vice versa in hMPCs.

Evaluation of intracellular pro-fibrotic markers found a lack of notable differences in the pattern of
mRNA expression between hAFs and hMPCs (Fig 7.2b). Neither MYH10 nor o-SMA had a significant
change in mRNA expression between hAFs and hMPCs seeded on a CorMatrix® substrate; however,
MYHI11, S10044, and Vimentin expression were all significantly elevated in both cell types. Most notably,
the increase in expression of 10044 and Vimentin was several hundred-fold. ELISA analysis of a-SMA,
collagen1Al, fibronectin, and MYH11 determined that it is significantly increased in hAFs and hMPCs

seeded on CorMatris® compared to traditional culturing (Fig 7.2).

Effect of Healthy and Diseased Human Left Ventricular ECM on Pro-Fibrotic Mesenchymal Cells

The effect of LV tissue isolated from healthy unutilized donor heart, used as a control representing a
healthy ECM environment, and LV tissue isolated from diseased myocardium of an explant heart once
equipped with an LVAD, representing a pathologically fibrotic ECM environment, were compared
between primary hAFs and hMPCs (Fig 7.3). In addition, the change in expression of pro-fibrotic markers
among all recellularized tissue was compared to traditional cell culturing methods on plastic plates. The
mRNA expression of ECM proteins, CollA and CollA2, were significantly increased in human ECM
compared to plastic, with further increased expression occurring in hAFs seeded in explants tissue. The
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expression pattern of Co/l4A2 of hMPCs mirrored that of hAFs where diseased myocardium induced
increased expression; however CollA1 in hMPCs was decreased in diseased myocardium. Expression of
Fibronectin was increased in hAFs seeded in both control and explants tissue; however, only the
expression measured in hAFs seeded in control tissue was statistically significant as the variance was too
high in the explants tissue. A several hundred-fold increase of Fibronectin expression occurred in hMPCs

seeded in explants tissue, compared to both the plastic control and healthy ECM.

Although many of the intracellular pro-fibrotic markers measured were noticably impacted by the
change of growing on decelluarized human ECM, extensive variability between samples prevented
confidence in statistically significant differences among the various treatment groups. Interestingly, no
expression of MYH10 was detectable in hMPCs grown on healthy ECM but there was a several hundred-
fold increased measured in hMPCs seeded on diseased tissue. Expression of MYHII was only
statistically different in hAFs seeded in explants tissue, increased several-thousand fold compared to both
plastic and hAFs seeded on healthy ECM. The variability of a-SMA was also observed; however there
was a significant increase in expression in hMPCs seeded in explant ECM compared to both the plastic
control and the healthy ECM seeded with hMPCs. ELISA analysis of a-SMA, collagen1A1, fibronectin,
and MYH11 determined that there are significantly increased protein levels in decellularized explants LV
compared to healthy ECM (Fig 7.4). The variability of S71004A4 expression was quite high; however, there
does appear to be a trend of increased expression triggered by the pro-fibrotic ECM present in the explant
tissue. Finally, Vimentin expression was significantly increased in hAFs compared to both plastic culture
techniques and healthy ECM; however, there was a decrease in expression observed in explanted ECM.
Vimentin expression rose by nearly a hundred-fold in hMPCs seeded in explant tissue which was
significantly different compared to standard culture conditions as well as to hMPCs seeded on healthy

ECM.
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Effect of Transfection of miR-301a of Pro-Fibrotic Mesenchymal Cells on Recellularized Human

ECM

There is a distinct difference in the expression of pro-fibrotic markers of both hAFs and hMPCs when
comparing physiological ECM to standard cell culture conditions. Previous experiments determined that
transfection with miR-301a attenuates a pro-fibrotic phenotype in standard cell cultures. The next step is
to evaluate if its efficacy translates to decellularized ECM from fibrotic explant LV tissue (Fig 7.5).
Expression of CollA1 and CollA2 of hMPCs on healthy tissue was unaffected by miR-301a transfection,
however CollA2 was significantly decreased in hAFs. Expression of Fibronectin was decreased in miR-
301a transfected cells seeded in healthy myocardium compared to the negative scrambled control. No
significant change was observed regarding MYHI0 and MYHI1 expression between the healthy ECM
groups. Interestingly, when comparing the expression of a-SMA it was observed that miR-30la
transfected cells seeded in healthy ECM was increased; however, a-SMA expression was significantly
decreased in hMPCs. Vimentin expression was unaltered in miR-301a transfected hMPCs seeded on
healthy ECM but was significantly decreased in hAFs. Noticeably, all pro-fibrotic markers had
significantly increased expression in explants tissue in both cell types compared to the negative control
and miR-301a transfected healthy ECM. Most importantly, this increased expression of mRNA pro-
fibrotic markers measured in explant tissue, excluding hMPC expression of MYH10 and MYHI11, was

significantly attenuated upon miR-301a transfection.

7.4 Discussion

The ECM environment is a key regulator in progenitor cell differentiation (19), as illustrated in our
results. Although this has been observed numerous times in various animal models, this study is evidence
of genuine fibrotic human ECM influencing a pro-fibrotic phenotype in hAFs and hMPCs. In addition,
the evaluation of the interactions of hAFs and hMPCs with CorMatrix® triggers mRNA expression

comparable to stimulating a pro-fibrotic phenotype. This is evident by the parallel increases in expression
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in previously published paper in our lab of differentiating into a myofibroblast-like cells (10). The appeal
of using CorMatrix® in various cardiovascular applications is that it is beneficial in contributing stiffness,
especially in high pressure/tension areas (4) but might be less ideal as a scaffold for tissue regeneration or
cellular therapy as it may impair healing processes by causing cells to becoming pro-fibrotic and lead to
pathological scarring. As CorMatrix® is still a fairly new product, receiving FDA approval for its first
clinical trial in 2011, the long-term effects still need to be evaluated, especially regarding the its potential
for stimulating a pro-fibrotic environment by providing a stiff ECM triggering endogenous mesenchymal
cells to differentiation into myofibroblast-like cells. It is important to note that CorMatrix® is not an ideal
substrate for studying the effects of ECM on human mesenchymal cells as tensions promote pathological

fibrosis.

Physiologically relevant disease models are important for accurate representations of pathologies to
better understand how to manage/treat patients. Our results indicate a striking change of pro-fibrotic
mRNA expression when comparing healthy ECM to fibrotic ECM. There were consistent increases of
pro-fibrotic markers measured when cells seeded on diseased heart tissue, although not always
statistically significant. This may be due to variability between patients’ isolated cells or variability within
the extent of penetration of the cells into the decellularized LV tissue. Also, there is increased variability
among the samples as a result of the heterogenous nature of the decellularized sections as no two sections
will have the exact same orientation and extent of fibrosis. Regardless of this variability, there were
consistent trends in the data. The lack of expression of MYH10 in hMPCs with no observed statistical
difference between intracellular pro-fibrotic markers compared to plastic culturing, indicate that studying
hMPCs on plastic in P1 is fairly comparable to how they would respond if seeded on healthy
decellularized matrix. This was also observed in hAFs as well; however, the changes in hAFs were highly
variable when comparing explant tissue to control tissue, despite observing an increased in expression, for
example, with a-SMA. There was consistency between hAFs and hMPCs as evident by the increase in

pro-fibrotic markers in hMPCs between explants and control tissue, with the majority of the
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measurements being statistically significant. This indicates a definite physiological response to pro-
fibrotic ECM alone, as all other factors were unchanged, including the comparisons between hAFs and
hMPCs procured from the same patient. These results contribute to the understanding of how endogenous
cells genuinely respond to pro-fibrotic environments. This illustrates an important factor when
considering tissue engineering and cell therapy techniques, as the application of these will, undoubtedly,
involve interacting with the scarred environment in order to rehabilitate it. The involvement of hAFs and
hMPCs in pro-fibrotic environments is undeniable so understanding how they interact with diseased, pro-

fibrotic ECM environments is important in moving cardiac tissue regeneration forward.

The most exciting discovery is that transfection of miR-301a showed a significant attenuation of pro-
fibrotic markers in cells grown on pro-fibrotic explanted tissue. This is crucial as it illustrates the efficacy
of a single miRNA in attenuating a powerful mechanical response. This is especially important as this
was done using human tissue and mesenchymal cells of patients who are suffering from heart disease.
Transfection progenitor cells used in cell therapy techniques with miR-30la may increase their
survivability, retention, and efficacy as they would not be influenced by the pathological fibrotic
environment surrounding them. The translational application of this technique is feasible in a clinical

setting and should be considered when using cell therapy to a repair a fibrotic area.
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7.6 Figures

Figure 7.1: Evaluation of mRNA expression of hMPCs and hAFs co-incubated with Cormatrix evaluating a)

extracellular matrix protein gene expression and b) pro-fibrotic marker gene expression; (n=5) NS — not

significant, paired student t-test, one-way ANOVA,* p-value < 0.05 compared to Control, ok p-value < 0.01

compared to Control, ook p-value < 0.001 compared to Control; # p-value < 0.05 compared to hAFs
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Figure 7.2: ELISA quantification of a) a-smooth muscle actin, b) fibronectin, c) collagen, and d)

MYHI11 in hMPCs and hAFs co-incubated with Cormatrix; (n=4-6 ) NS — not significant, paired

student t-test, one-way ANOVA,* p-value < 0.05 compared to respective cellular Control

(cultured on plastic)

£
)
o
=
[e)}
)

8 *
i7- 35 -
Z6 - 3
Sc | -4
£° §
£4 £3
25 5
5] ] 22 -
<2 - S
Z . Z1 -
21 -
0 - 0 -
Control hAFs Control hMPCs Control hAFs Control hMPCs
hAFs hMPCs hAFs hMPCs
9) d)
0.5 - "
90 - _ 045 -
I 80 - 2 04 -
S~ [-13]
g 70 - i:—o.ss -
§ 60 - % 0.3 -
B 50 go.zs :
g 40 - 5 0.2 -
S 30 - «0.15 -
= T
z 20 - > 0.1 -
- =
é 10 - 0.05 -
0 - 0 -
Control hAFs Control hMPCs Control hAFs Control hMPCs
hAFs hMPCs hAFs hMPCs

207



Figure 7.3: Evaluation of mRNA expression of hMPCs and hAFs co-incubated with healthy human left

ventricular matrix (Control) or explant human left ventricular matrix; a) Collagen 141, b) Collagen 142, c)

Fibronectin, d) myosin heavy chain-10, €) myosin heavy chain-11, f) a-smooth muscle actin, g) S10044, h)

Vimentin. (n=6) NE: no expression. one-way ANOVA* p-value < 0.05 compared to Plastic Contro
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Figure 7.4: ELISA quantification of a) a-smooth muscle actin in hMPCs, and b) fibronectin, c)
collagen, and d) MYH11 in hMPCs and hAFs used to recellularize human left ventricular tissue
(n=4-6) Note: It was not detectable in hAFs when loading the same concentration of protein as

hMPCs, paired student t-test, * p-value <0.05 compared to Control, ** p-value <0.01 compared to

Control
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Figure 7.5: Evaluation of mRNA expression of hMPCs and hAFs transfected with miR-301a co-incubated

with healthy human left ventricular matrix (Control) or explant human left ventricular matrix; a) Collagen

141, b) Collagen 142, c) Fibronectin, d) myosin heavy chain-10, €) myosin heavy chain-11, f) a-smooth

muscle actin, g) Vimentin. (n=5) NE: no expression. Paired Student t-test, 1-way ANOVA* p-value < 0.05

compared to Negative Control; ok p-value < 0.01 compared to Negative Control; # p-value < 0.05

compared to Control miR-301a; ## p-value < 0.01 compared to Control miR-301a; $ p-value < 0.05

compared to LVAD Neg; $$ p-value < 0.01 compared to LVAD
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8. Discussion



8.1 DISCUSSION

While exploring the differentiation of mesenchymal cells, both AFs and MPCs, it is evident that their
environment lends to a pro-fibrotic phenotype. The hostile, pro-inflammatory environment impairs the
success of regenerative cell therapy which aims to stimulate repair and healing, ideally by replacing the
damaged/diseased tissue with healthy newly engineered tissue. This method of treatment may be more
effective than current pharmacological interventions, such as statins. Although we determined that the
proliferation of MPCs under physiological concentrations is significantly decreased, this has failed to lead
to effective anti-fibrotic therapy. As transfection with miR-301a has demonstrated the ability to encourage
a proliferative phenotype, there is the potential for this to combat the decrease in proliferation from
statins. Taking advantage of the effectiveness of miRNA to be able to influence cell phenotype is an
important tool that can be utilized to direct preferential differentiation. When evaluating these effects and
applying them in a clinically-relevant context, it is optimal to experiment in a physiologically accurate
setting; hence the development of a protocol involving decellularizing native tissue to isolate ECM.
Having access to both diseased and healthy human cardiac tissue allowed these experiments to evaluate
the effect of fibrotic ECM and miR-301a in a physiological setting. Our experiments determined that, not
only are human AFs and MPCs influenced by the state of fibrotic ECM of human left ventricular
myocardium, their phenotype can be modified by miRNA, which may supersede the influence of the

ECM.

Implications of miR-301a in Maintaining a Proliferative Phenotype

As patients with heart conditions are commonly on statin therapy treatment, their negative effect on
the viability of progenitor cells is important as this could contribute to decreased survivability of cells
used in cell therapy. Transfection of these cells with miR-301a may have a two-fold beneficial effect -
first, by inhibiting the influence of stiff ECM in promoting a pro-fibrotic phenotype, and second, by

increasing their survivability of after implantation in damaged/diseased tissue. This shall be accomplished
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by first evaluating the effects of statin therapy on the mesenchymal progenitor cell population to establish

how they interact with potential cell sources that would be utilized in clinical applications.

Identification of miR-301a as a key miRNA involved in preventing a pro-fibrotic phenotype, occurred
when exposing cells to an environment comparable to what they would experience under ischemia.
Nutrient deprivation, simulated by plating hMPCs without FBS, determined that there is a distinct
difference in contractile phenotype between hMPCs with sufficient nutrients to undergo mitosis versus
hMPCs responding to an ischemic environment where mitosis is impaired. This suggests a dichotomy
between the proliferative and contractile phenotypes, similar to other mesenchymal cells found to
contribute to fibrosis, including smooth muscle cells in atherosclerosis and cardiac fibroblasts in both
reactive and reparative fibrosis (1,2). Transfection with miR-301a in both hAFs and hMPCs was shown to
be effective in preventing a pro-fibrotic phenotype on cells grown on plastic culture dishes, which, as
previously determing in our lab (3), normally adopt a pro-fibrotic phenotype. This observation correlates
with the increase in the differentiation of fibroblasts to myofibroblasts in response to MI where the
decreased blood flow prevents nutrient transport, causes an inflammatory response, and stimulates
boisterous ECM protein production (4,5). Interestingly, it was only upon the deprivation and subsequent
re-introduction of mitogens that miR-301a expression was altered, indicating that MPCs may utilize miR-
301a to respond to a phenotypic change when react to a change in their environment. This would occur
more rapidly when responding to an acute environmental change, as the mRNA is already available to be
transcribed, as oppose to the cell having to use additional resources to start to build proteins from the

beginning to signal DNA transcription.

The consistency of our results found post-transfection, when considering the inherent variability of
primary cells isolated from patients, not only because of the heterogeneity within progenitor cells isolated
from the bone marrow, but also between patients, both genetically and likely medications taken to treat
one or a myriad of medical conditions, emphasizes the effectiveness of miR-301a. The results between

hMPCs and hAFs were also consistent, as miR-301a caused a similar phenotype change to occur in hAFs.
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Although the decrease in differentiation from hAFs into myofibroblasts was less drastic, the observation
that miR-301a still attenuated a pro-fibrotic phenotype indicates the possibility of a common mechanism
in maintaining a more progenitor-like state. Because this single microRNA is affecting two different cell
types in a similar fashion, these results suggest that miR-301a plays a mechanistic role in increasing
proliferative potential of both hMPCs and hAFs, and possibly other pro-fibrotic cell types, while
attenuating expression of a pro-fibrotic phenotyp. This correlates with other findings of miR-301a, where
it has found to be over-expressed in the pathological proliferation of various types of malignant cells. In a
tumour setting, many of these malignant, proliferating cells are exposed to a fibrotic, ischemic
environment, so preventing diseased ECM from inhibiting proliferation is a useful survival technique (6).
Like the majority of microRNAs, it is unlikely that miR-301a has a direct effect on mesenchymal cell
phenotype, but rather, it suppresses protagonists of the myogenic phenotype, maintaining a predominantly
proliferative physiology. Further work is required to determine in miR-301a exerts its effect through
targeting these genes in hMPCs, especially to determine if malignant proliferation occurs, and then
evaluate if these effects translate into altered fibrosis in vivo. The use of miRNA has been suggested as a
therapeutic intervention, and it may be that miR-301a could be used to treat established fibrosis or to
effectively inhibit endogenous AFs and MPCs from adopting a pathological ECM secreting phenotype in

a pro-fibrotic environment.

The Extracellular Matrix Environment Influences Mesenchymal Cell Phenotype

There are multitudinous different environments within the human body, and hMPCs experience a
variety of them, starting within their progenitor niche and then after settling on their final phenotypic
destination, whether it be adipose, chondrogenic, or osteogenic tissue. Although determining that a stiff
environment encourages a pro-fibrotic phenotype (3), we found that softer environments led to a decrease
in pro-fibrotic protein expression indicating a preference for maintaining a progenitor-like phenotype.
This is more representative of their progenitor niche environment within the bone marrow, as the stiffness
is reminiscent to that of bone marrow. This decrease in protein expression was maintained at pressures
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simulating healthy cardiac LV tissue indicating that, even though the stiffnesses between the soft and
ventricular tissue are different, with ventricular tissue being stiffer, it is not at a level that elicits a pro-
fibrotic response from hMPCs. This suggests that hMPCs have specific sensitivity when determining
whether or not their environment involves a promotion of ECM protein expression, especially as
chondrogenic and osteogenic tissue are not only stiffer, but require more ECM protein production as a

property of their tissue-type (7).

In addition, we discovered that there was increased mRNA expression of certain pro-fibrotic proteins
that did not result in increased protein expression of those same proteins. Therefore, it is possible that this
discrepancy between mRNA and protein expression indicates that hMPCs in a progenitor state are
“preparing” for responding to an injury. This observation of increased mRNA compared to a lack of
change in protein concentration, may indicate a priming of these progenitor cells in response to pro-
inflammatory markers. Many studies have established that hMPCs respond to pro-inflammatory signals
by promoting fibrosis in areas of injury (8,9); hence, it would be pragmatic for hMPCs, when responding
to inflammation, be prepared to differentiate into an ECM protein secretory cell relatively rapidly. This
further demonstrates the importance of microRNA as it has the ability to prevent translation of mRNA,
while it is still able to be amplified by PCR. This is because the miRNA binds to the 3’-end of the mRNA,

whereas the primers utilized in these experiments amplified regions within the center of the mRNA.

After quantification of miR-301a was evaluated at various surface tensions, we determined that miR-
301a expression was also influenced by softer substrates, indicating an increased retention of an
undifferentiated, non-pro-fibrotic phenotype. Although this would initially seem like a very power
application of a single microRNA, after identifying Dicerl as a potential target of miR-301a, which was
found significantly decreased in miR-301a transfect hMPCs. The important of Dicerl is emphasized by
its highly conserved function of being crucial in miRNA processing by facilitating the activation of
miRNAs, first discovered to be responsible for activating miRNAs involved in development (10). This

proposes a unique mechanism of self-regulation where an increase in Dicerl could indicate a shift in the
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miRNA profile. This phenomenon has been observed a variety of cell types (11-13), and in fact, miRNAs
have been found to be able to, not only mediate the differentiation of progenitor cells into a final

phenotype, but can also conversely return differentiated cells into a stem-cell like state (14-16).

The Importance of Using Decellularized Human Cardiac Extracellular Matrix

To further evaluate the clinical applicability of miR-301a transfected cells and the influence of the
ECM environment in promoting a pro-fibrotic phenotype, we wanted to utilize a more physiologically
relevant resource to better understand fibrosis pathology. The availability of diseased and healthy human
left ventricular cardiac ECM provided a unique opportunity to decellularize ECM and study hMPCs and
hAFs respond to distinct ECM environments while providing an ideal platform to test the efficacy of
miR-301a attenuating pro-fibrotic phenotypic differentiation. After determining the relative absence of
pro-inflammatory cytokines, that could trigger a pro-fibrotic phenotype, we were able to elucidate the
genuine effect of ECM on mesenchymal cells that experience a phenotypic change in response to both
molecular and mechanical influences of fibrotic tissue. Once it was observed that recellularization with
both hAFs and hMPCs was successful, it was possible to determine that, not only are these surviving in
the tissue, but they are responding to their environment as they expressed varying concentrations of pro-
fibrotic markers and ECM proteins, depending on the nature of their ECM. As this technique can be used
to target a specific area of ECM on the heart, our focus on fibrotic areas allowed us to better evaluate the
effect of these fibrotic areas on cell phenotype. Upon comparing our decellularized tissue to CorMatrix®,
we determined that triggers mRNA expression comparable to stimulating a pro-fibrotic phenotype. Using
CorMatrix® may be beneficial in cardiovascular applications where stiffness is required, especially in
high pressure/tension areas (17), but might be less ideal as a scaffold for tissue regeneration or cellular
therapy. Because of its increased stiffness compared to healthy myocardial ECM, it is important to note
that CorMatrix® may not be an ideal substrate for studying the effects of ECM on hMPCs its ECM

environment may promote pathological fibrosis.
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When investigating the difference between healthy and fibrotic ECM, there was consistency between
hAFs and hMPCs as evident by the increase in pro-fibrotic markers. Upon transfection with miR-301a,
both hAFs and hMPCs showed a significant attenuation of pro-fibrotic markers in cells grown on pro-
fibrotic explanted tissue. This is crucial as it highlights the efficacy of miR-301a in attenuating a powerful
mechanical response, which is essentially overriding the physiological effect of pro-fibrotic ECM. These
observations were consistent even when considering the heterogeneous fibrosis between different areas of
LV and variability between patients. This contributes to the understanding of how endogenous cells
genuinely respond to pro-fibrotic environments which illustrates an important factor when considering
tissue engineering and cell therapy techniques. The stiffness of the scaffold or substrate used in tissue
engineering will have an effect on phenotype, and could possibly affect endogenous progenitor cells
within the patient to migrate to the scaffolding and be influenced by its ECM environment. The
involvement of hAFs and hMPCs in pro-fibrotic environments is undeniable so understanding how they
interact with diseased, pro-fibrotic ECM environments is important in moving the cardiac tissue
regeneration field forward. Transfection progenitor cells used in cell therapy techniques with miR-301a
may increase their retention and survivability which imporves their overall efficacy as they would not be

influenced by the pathological fibrotic environment surrounding them.
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9. Conclusions



9.1 SUMMARY

These experiments emphasize the importance of ECM in pro-fibrotic phenotype differentiation. The
mechanical feedback that mesenchymal cells receive triggers the increased expression of myofibroblast
markers and extracellular proteins that contribute to pathological fibrosis. Although miR-301a has been
observed to maintain a proliferative phenotype in hMPCs, our data indicates that it is crucial in preventing
a pathological secretory phenotype. Encouraging proliferation of hMPCs is also important when
evaluating the likelihood of patients being treated both for hypertension with statins as well as requiring
cell therapy for cardiac tissue repair. Maintaining cell viability is an important component of effective cell
therapy and needs to be considered as patients with cardiovascular disease are likely on a myriad of
medications. The ability to explore physiologically relevant environments and evaluate primary human
cellular responses was facilitated by developing a technique that merged the importance of ECM
architecture with studying the interactions of mesenchymal progenitor cells that contribute to pathological
fibrosis by being activated vai the ECM. Decellularization of pathological human cardiac ECM removes
the uncertainty of the translable nature of in vifro cell culture environments as it is essentially representing
the endogenous environment present in patients with cardiovascular disease. Discovering the efficacy of
miR-301a in attenuating myofibroblast-like phenotypes in cells triggered by the ECM stiffness of fibrotic
tissue is a huge step in optimizing future cell therapy and tissue engineering technology. This research is
beautiful and magnificent and the result of many years of troubleshooting, decontamination,
determination, character building, evenings, weekends, and blasting EDM music in the lab. It shows that
human tissue is super cool and much more relevant than rodent tissue and now we have developed an
epic awesome way to figure out how cells naturally react to diseased human environments compared to

healthy human environments. How extraordinary is that, eh? GO SCIENCE!
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9.2 STUDY LIMITATIONS

There are a few limitations to this study that need to be addressed. The most significant limitation,
despite its translatability to a clinical setting, is the variability of responses of hAFs and hMPCs between
different patients. In addition to significant genetic variability, patients from which cells were procured
were undergoing open heart surgery for different reasons, taking a wide range of medication, and likely
had additional health concerns that may have contributed to the large variance among certain measured
parameters. Variability between samples could also have occurred as a result of being unable to
accurately determine the number of cells successfully integrating into the decellularized nature. Due to
the nature of the experiment, quantifying the number of viable cells present on the tissue, and determining
functional factors, such as proliferation and contractile ability was not possible. Although we were able to
quantify the expression of various pro-fibrotic factors, functional assessment of how these recellularized
cells behave, and if it is comparable to 2D behaviour or completely different in their native 3D
environment, could not occur. This information would be valuable in determing the extent of
differentiation whether or not these cells are contributing to the pathological fibrosis already present on

decellularized explants tissue.

9.2 FUTURE DIRECTIONS

These experiments were performed using decellularized cardiac LV tissue; however they could be
performed on any decellularized ECM tissue. It would be very interesting to determine if miR-301a is
able to inhibit a pro-fibrotic phenotype ubiquitously across all fibrotic tissue, not just cardiovascular.
MiR-301a could be a powerful tool to inhibit of influence of diseased and damaged areas of tissue
regeneration sites to improve the efficacy of tissue engineering and cell therapies. Because miR-301a has
demonstrated an ability increase proliferation in transfected cells, it would be interesting to investigate if
it can mitigate the negative effects of statin treatment on progenitor cell survival in order to increase

survivability of the cells post-treatment. Transfection with miR-301a could also be applied to cell
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therapies looking to rehabilitate cardiac tissue in severely damaged areas as a way to minimize the
influence of a fibrotic ECM on progenitor cells focused on repairing the damaged areas. In addition,
further exploration of the variety of miR-301a could be explored to better elucidate the mechanism by
which this phenomenon occurs. Dicerl is of particular interest, as this supports a non-tissue specific way
of regulating pro-fibrotic differentiation. These experiments have significant translational potential as
genetic manipulation of cell therapy techniques is being used in a variety of clinical trials in order to
successfully repair diseased tissue, and transfection with miR-301a may help bolster its efficacy across a

myriad of physiological systems.
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