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ABSTRACT

Myocardial fibrosis is a common pathological finding in patients with cardiovascular
disease and is believed to be a major contributing factor in the development of end stage
organ failure. Early events that promote the development of myocardial fibrosis are not
well understood. Rapid cellular infiltration into the cardiac tissue is evident in fibrosis
but the infiltrating populations and their functions have yet to be completely elucidated.
The aim of this thesis was to characterize the phenotype and function of this cellular
population in a model of hypertension mediated myocardial fibrosis. Furthermore, we
intended to explore therapies that target this population and ameliorate fibrosis. We
characterized a novel population of infiltrating cells as circulating fibroblast progenitor
cells, termed fibrocytes. We determined that this population does not appear to
specifically migrate in response to previously established chemotactic signals (CCL2 or
CXCL12). We found that fibrocytes respond to fibrogenic stimuli (Angll and CTGF) by
increasing the expression of collagen and CTGF, an early molecular mediator of fibrosis,
while also promoting fibrocyte differentiation. Using an anti-hypertension treatment, we
found that hypertension as a physiologic stimulus likely promotes cellular infiltration and
corresponding fibrosis. We also established that treatment with activated protein C (aPC)
conferred protection against the development of myocardial fibrosis, potentially by
inhibiting fibrocyte recruitment and/or activation. Lastly, to assess fibrocyte involvement
in the progression of human myocardial fibrosis we assessed fibrocytes in levels in the
circulation of patients with ischemic heart disease compared to healthy controls. We
found that patients with ischemic heart disease had an increase of circulating cells that
have the potential to become fibrocytes compared to healthy controls and therefore likely
contribute to myocardial fibrosis. From this data, we propose that fibrocytes are a key
effector cell that directly promotes pathologic fibrosis within the injured myocardium.
Understanding their migration and function is therefore essential to the development of

future therapies targeting this cell type to inhibit their role in fibrosis.
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CHAPTER 1 - INTRODUCTION



1.1 Overview

Cardiovascular disease remains one of the highest causes of morbidity and mortality in
Canada despite advancements in disease mechanisms knowledge, health awareness
campaigns and novel therapeutic interventions (1). Though there is a strong push for
awareness and prevention within public health groups to adress current risk factors,
ongoing research is required to understand the underlying patho-physiologic mechanisms
responsible for progressive cardiovascular disease and to develop novel therapeutics to

improve the lives of individuals with cardiovascular disease.

A common pathologic feature found in many cardiovascular diseases is the formation of
scar tissue within the heart, a process termed myocardial fibrosis. Myocardial fibrosis
occurs when an excess of structural proteins are deposited within the myocardium. This
deposition is believed to occur in response to myocardial injury in an effort to maintain
the structural and functional integrity of the heart. However, deposition of structural
proteins, also called extracellular matrix (ECM) proteins, can eventually replace areas of
functional, healthy tissue (2). This increases the total stiffness of the heart and eventually
impairs organ function (3). If fibrosis is extensive, the heart may be unable to provide
sufficient blood flow to the body to meet its physiologic needs resulting in heart failure.
There currently is no available therapy specifically targeted to inhibit this fibrotic
process. Despite extensive research, there is a paucity of knowledge regarding the
mechanisms driving myocardial fibrosis, particularly surrounding the early events
responsible for the initiation of fibrosis. Therefore, further studies are required within

this field to understand the exact mechanisms promoting myocardial fibrosis.



It has long been appreciated that there is a distinct cellular component involved in the
development of myocardial fibrosis. A non-cardiomyocyte population is evident within a
fibrotic heart in which the area affected by the accumulation is usually proportional to the
area affected by fibrosis (4). These cells are believed to accumulate by the infiltration,
activation and proliferation of circulating and resident cells (5). Typically, this represents
a heterogenous population of cell types that are responsible for secreting the pro-fibrotic
factors and ECM proteins responsible for driving the reparative process (2). Without
resolution of the injurious stimuli and hemodynamic stress, the accumulating cells are
maintained by a self-sustaining pro-fibrotic feedback loop that promotes pathologic

fibrosis within the heart (2, 6).

Prior to the initiation of the work presented in this thesis, the prevailing paradigm
suggested a biphasic response of inflammation and corresponding fibrosis (mediated by
infiltrating leukocytes and activated mesenchymal cells respectively) was responsible for
propagating myocardial fibrosis. There is general agreement that during the later stages
of this response myofibroblasts, or activated fibroblasts, are the predominant ECM
producing cell type responsible for secreting structural protein in reparative and fibrotic
physiologic responses (6). In contrast, the phenotype of the early cell influx is less clear.
In the absence of ischemia, the early infiltrating cells in a fibrotic myocardium have been
suggested to be monocyte-derived macrophages; however, the exact phenotype of the
inviltrating population has not been clearly determined. Indeed cells infiltrating the

myocardium are primarily mononuclear in appearance, lacking polymorphonuclear cells



(7, 8). However, cells deriving from a monocyte lineage have been shown to
differentiate into a heterologous population of varying phenotypes and biologic functions
(9, 10). To date, no conclusive evidence has been provided that the paradigm of
leukocyte mediated inflammation and mesenchymal cell mediated fibrosis is correct. The

evidence presented here suggests an effector cell that bridges these two responses.

1.2 Project Hypothesis and Aim

It was my hypothesis that a circulating progenitor leukocyte, from a myeloid lineage,
infiltrates the myocardium prior to the development of myocardial fibrosis and
orchestrates the impending fibrotic response. To prove or disprove this hypothesis I
investigated the early cellular and molecular mediators involved in promoting the
development of myocardial fibrosis. To accomplish this we used a well-established
hypertensive model of myocardial fibrosis secondary to Angiotensin (Ang)II infusion.
This model allowed us to dissect the mechanisms promoting fibrosis in the absence of
additional confounding inflammation evident in ischemic injury models of myocardial

fibrosis.

1.3 Renin-Angiotensin System

Much of the data presented in this thesis was obtained using a model of myocardial
fibrosis secondary to Angll infusion. This is a well-established hypertensive model of
myocardial remodeling characterized by cellular infiltration, myocardial hypertrophy and
excess ECM deposition (7, 11, 12). This model allowed us to analyze the mechanisms
driving fibrosis in the absence of confounding variables introduced in other models of

myocardial fibrosis secondary to ischemic injury. Furthermore, the pathology evident in



the myocardium of Angll infused animals mimics that found in patients with

hypertensive and/or hypertrophic cardiomyopathy (7, 11, 12).

The Renin-Angiotensin System (RAS) is a neurohormonal cascade that regulates vascular
tone and homeostasis in health but can become dysregulated and promote disease.
Angiotensinogen is the only known Angll precursor and is primarily released by the liver
into the circulation (13). Circulating Angiotensinogen is enzymatically cleaved to form
the inert decapeptde Angiotensin I (Angl) by interacting with circulating renin. Renin is
a protease largely produced in the kidney by juxtaglomerular cells (14-16). Once
generated, Angl is converted into Angll by Angll Converting Enzyme (ACE). ACE is
constitutively expressed by endothelial cells allowing for efficient generation of Angll in
the circulation (17). Angll is the main effector molecule of the RAS and elicits its
biologic effects by signaling through the AnglI receptor type 1 and type 2 (AT1R and
AT2R respectively). ATIR signaling mediates the most notable physiologic effects of
Angll including vasoconstriction, hormone regulation, renal function and electrolyte and
water balance (18). Furthermore, continuous signlaning through the AT1R is believed to
promote the fibrotic effects of Angll stimulation (5). The function of AT2R signaling is
not as well understood, though AnglI-AT2R signaling is believed to be important in
embryonic development and is thought to have opposing, and thus regulatory, effects to
ATIR (18). In circulation, AnglI has a half-life of approximately 15 sec in which it must

interact with its receptors before it is broken down (19).



The RAS has been widely implicated in the progression of many cardiovascular diseases
including hypertension, arteriosclerosis and heart failure (5, 20, 21). Inhibition of the
RAS system using ACE inhibitors and AnglI receptor blockers (ARBs) has been shown
to significantly improve clinical outcomes and myocardial remodeling in patients (11,
22). Furthermore, exogenous administration of Angll to rodents is sufficient to induce
hypertension, myocardial fibrosis and eventual heart failure (7, 23, 24). Taken together,
this evidence supports the role of the RAS system, specifically Angll, in the initiation and

progression of cardiovascular disease, myocardial fibrosis and heart failure.

While the exact mechanisms by which Angll is believed to be fibrogenic to the
myocardium is still being completely elucidated, it is believed to involve both systemic
and local myocardial signaling. Systemically, the vasopressor function of AnglI is
capable of eliciting chronic hypertension and pressure-overload when circulating levels
are elevated for a prolonged period (25). Chronic hypertension confers hemodynamic
stress unto the myocardium and can induce cardiomyocyte death and stimulate
myocardial fibrosis (26, 27). At the organ level, Angll is believed to promote fibrosis by
directly stimulating resident and infiltrating cells within the heart. AngII-ATIR signaling
is capable of activating pro-inflammatory transcription factors including NF-xB, NFAT
and AP-1 that initiate and sustain expression of pro-inflammatory mediators (28-33).
AnglI also elicits the expression of mitogens and growth factors that promote
hypertrophy and excess production of ECM proteins with decreased degradation that,
together, contribute to progressive fibrosis (34-36). This data supports a direct role for

Angll in the stimulation of myocardial fibrosis



1.4 Myocardial Fibrosis

Fibrosis occurs in the heart when there is a shift in the balance of ECM protein towards
production rather than degradation (37). This process is initially beneficial, acting as a
repair mechanism to counteract the detrimental effects of tissue injury and increased

organ load but, without regression, can become pathological (2).

1.4.1 Extracellular Matrix

1.4.2 ECM in Structure and Function

The ECM is an important, dynamic component of the myocardium and contributes to
overall organ structure, function, cell-cell adhesion and cell signaling (38). The ECM
consists of fibrilar and non-fibrilar proteins including collagen, proteoglycans, elastin,
and accessory proteins (39). Together, these proteins provide dynamic scaffolding for the
resident cells of the heart. Collagen is the predominant ECM protein in the heart,
particularly collagen type I and IV, and is found as a weave structure surrounding the
muscle fibers in normal cardiac tissue (40). The surrounding collagen maintains
cardiomyocyte arrangement, transmits force and resists excess cardiomyocyte stretch
beyond physiologic capacity (41, 42). Glycoproteins, including fibronectin and laminin,
crosslink other ECM proteins, including collagen, and interact with cardiomyocytes to
provide organizational support within the structure of the heart (43-45). Resident cells
interact with the various ECM proteins using integrins present in their cellular membrane

(44, 46, 47).



1.4.3 ECM in Dynamic Response to Injury

ECM distribution and protein content of the myocardium is drastically altered in
pathologic conditions. Collagen, glycoprotein and accessory protein content largely
increase in the myocardium during the development and progression of myocardial
fibrosis (42). Excess collagen is produced by fibroblasts and myofibroblasts to provide
increased structural support to compensate for a loss of cardiomyocytes seen in chronic
injury (48-50). Increased tensile strength is also provided by various components of the
ECM, mostly adaptor proteins, which promote the crosslinking of the structural proteins
and regulate matrix stability (51, 52). Additionally, the expression and function of pro-
fibrotic factors, including transforming growth factor-f (TGF-p), can be altered by ECM
components (51-53). Accessory proteins and bioactive metabolites of ECM components,
termed matrikines, also influence cellular recruitment and activation of both resident and
infiltrating cells (54-56). Furthermore, the arrangement of ECM components, collagen in
particular, are reorganized in myocardial fibrosis and can result in impaired cell-cell
interactions, signaling and electrical conductance (40, 47, 57). Together, this data
illustrates that the ECM is not only an inert scaffolding structure but is a dynamic player

of the fibrotic process.

1.4.4 ECM Degradation and Maintenance

ECM composition is not static in health or disease and the protein components are
constantly being produced and degraded. Matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs) are responsible for ECM maintenance and
turnover (58). MMPs are responsible for the degradation of matrix proteins while TIMPs

inhibit MMP activity and promote structural protein preservation. These components



form a regulatory system that tightly controls the balance of ECM production versus
destruction. In myocardial remodeling there is an obvious shift towards ECM deposition
as indicated by the scarring evident within myocardial tissues; however, protein
degradation also contributes to the disease process by propagating ECM reorganization

and cell migration.

Taken together, alterations of the ECM homeostasis is the fundamental basis of the
processes that lead to myocardial fibrosis. Degradation of the matrix is essential for cell
migration and infiltration to repair and compensate for the loss of cardiomyocytes.
Increased ECM protein deposition is required to provide additional structural support lost
after cardiomyocyte death, as regeneration of cardiomyocyte cells is significantly limited.
However, without the resolution of the injurious stimui, ECM remodeling continues and
the stiffness of the myocardium increases until it can no longer function sufficiently and
organ failure is reached. Therefore, a potential therapeutic avenue for inhibiting this self-
sustaining system would involve targeting the cells that secrete the fibrotic growth
factors, ECM proteins and matrix regulating enzymes. Further investigations are
required to understand the functional properties of both the infiltrating and resident cells

that contribute to this process and how they are regulated.

1.5 Effector Cells

Myocardial fibrosis is associated with a significant cellular component that is responsible
for promoting the fibrotic process. Rapid cellular infiltration and/or proliferation is

evident early on in the development of myocardial fibrosis (59-61). This accumulating



cell population consists of cells that secrete ECM proteins and molecular mediators that
promote fibrosis. The effector functions of the accumulating cell types are therefore

essential to the propagation of the fibrotic process.

1.5.1 Monocytes/Macrophages

Monocytes are a mononuclear leukocyte cell type found in circulation that have long
been shown to be a key mediator of the innate immune system and play a significant role
in inflammation. Monocyte trafficking into tissues has been implicated in fibrotic
processes (62). After entry into tissues, monocytes can undergo differentiation into a
macrophage cell type. Macrophages are capable of orchestrating many aspects of a
fibrotic response. Macrophages clear damaged/dead cells from injured tissue by
phagocytosis (62). Macrophages also produce many pro-inflammatory cytokines and
chemokines to recruit and activate other effector cells including more monocytes,
fibroblasts and endothelial cells (63). Macrophages also secrete growth factors, including
TGF-B, and enzymes that stimulate matrix remodeling, which together directly promote
and modulate the ECM protein production and rearrangement (64-66). Furthermore,
macrophages have been shown to directly promote tissue fibrosis in other organs and, as

such, are also a candidate cell type in promoting myocardial fibrosis (67).

1.5.2 Fibroblasts

Fibroblasts are the predominant cell type responsible for producing and depositing ECM
proteins. Fibroblasts are mesenchymal cells that are typically found within the
endomysial collagen network between myocyte bundles in the heart (68). Fibroblasts are

responsible for secreting cytokines and growth factors in order to coordinate many
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physiological processes, including fibrosis (69). Fibroblasts can be activated to
differentiate into a myofibroblast phenotype, largely identified by a-smooth muscle actin
(aSMA), embryonic smooth muscle myosin heavy chain (SMemb) and extra domain-A
(ED-A) fibronectin expression (70). Activation of fibroblasts within the myocardium
only occurs after injury as myofibroblasts are not present in a healthy heart (71).
Myofibroblasts secrete large volumes of ECM proteins and are capable of contraction to
provide increased tissue tension (72). Fibroblast-myofibroblast differentiation occurs in
response to mechanical stretch and stimulation with cytokines and growth factors (6, 73-
78). In the injured myocardium, myofibroblasts can be found in large numbers around
the injured and fibrotic tissue (79, 80). The origin of these myofibroblasts is largely
believed to be from the activation of resident fibroblasts (81). However, myofibroblasts
can also arise from endothelial-mesenchymal transitions (EMT) (82, 83). Resident
pericytes associated with the vasculature also have the potential to transition into a
myfibroblast phenotype (84). A population of bone marrow derived fibroblast progenitor
cells, termed fibrocytes, can be mobilized in response to fibrosis and act as a reservoir
external to the myocardium for myofibroblast generation (85, 86). In healthy wound
healing, myofibroblasts undergo apoptosis after healing has occurred; however, in

fibrosis, myofibroblasts persist in tissues promoting pathologic ECM protein deposition

(6).

1.6 Chemokines

Chemokines are molecular mediators that induce target cells to migrate towards a
positive gradient. This is a physiologic method to ensure that any cells required for a

specific process is available at an appropriate time (87). Therefore, chemokine
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expression regulates the kinetics involved in recruiting circulating effector cells into a
fibrotic heart. Interestingly, chemokine signaling is typically pleitrophic in nature and
there is a degree of redundancy built into the system to overcome dysfunctions that may
arise (87). Understanding the expression patterns of various chemokines is therefore
important in mapping the mechanisms required for recruiting effector cells into the

myocardium.

1.6.1 CCL2/MCP-1

CCL2, also called Monocyte Chemotactic Protein (MCP)-1, has been implicated in
inflammation and fibrosis. CCL2/MCP-1 is a potent chemoattractant for monocytes and
subsets of progenitor cells (88, 89). Both resident cells, including endothelial, fibroblast
and myocytes, as well as inflammatory cells, including monocytes, have been shown to
express CCL2 (90). CCL2 signals through the CCR2 receptor found on the cell surface
of target cells (91, 92). Beyond chemotaxis, CCL2 promotes fibroblast activation,
proliferation and cytokine production (93). Interestingly, some evidence suggests that
CCL2 stimulation may also confer a degree of protection for cardiomyocytes (94).
Upregulation of CCL2 is promoted by increases in tissue ROS, pro-inflammatory
cytokines and growth factors (95-98), all of which are found in myocardial injury and
remodeling. Many studies have found a significant increase myocardial CCL2
expression in rodent models of myocardial fibrosis and in patients with cardiovascular
disease (24, 99-101). Inhibition of CCL2 signaling in models of myocardial fibrosis
resulted in reduced cellular infiltration, collagen deposition and improved cardiac
function (24, 102-104). This data implies that CCL2 promotes aberrant fibrosis within

the heart by recruiting and stimulating effector cells.
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1.6.2 CXCL12/SDF-1a

CXCL12, also called Stromal Derived Growth Factor (SDF)-1a, is a classic example of a
pleitrophic chemokine. Though it is constitutively expressed by the myocardium,
CXCL12/SDF-1a expression is upregulated after myocardial infarction and in pressure-
overload injury (105-108). However, there is no definitive evidence to determine
whether it is beneficial or detrimental in the fibrotic process after injury. CXCL12
signals almost exclusively through its receptor, CXCR4, and is a potent chemoattractant
for hematopoietic stem cells (109). A body of literature supports a protective role for
CXCL12, particularly after myocardial infarction (107, 110-113). CXCL12 is believed to
promote the recruitment of endothelial progenitor cells, which in turn, support an increase
angiogenesis to improve perfusion to injured tissues (108, 114, 115). Evidence also
suggests that CXCL12 is protective for cardiomyocytes against apoptosis by inhibiting
pro-apoptotic signaling (110, 116). Some also believe that CXCL12 is key in promoting
cardiac regeneration by recruiting progenitor cells that can differentiate into
cardiomyocytes (115), though regeneration is not always evident with CXCL12 treatment
in models of myocardial infarct (117). Alternatively, there is evidence suggesting that
CXCL12 may have a negative inotropic effect on cardiomyocytes promoting impaired
contraction (118). Furthermore, another study found that an increase in CXCL12
aggravates myocardial remodeling and decreases organ function (119). Whether
protective or fibrogenic, CXCL12 appears to play a role in myocardial fibrosis, though

the exact role is yet to be clearly elucidated.
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1.7 Cytokines and Growth Factors

Soluble factors within the myocardial environment influence the cellular components of
the fibrotic process. Cytokine and growth factor expression is essential in orchestrating
cellular migration, activation, differentiation and apoptosis (120). The sources of these
molecular mediators are varied and there is considerable redundant expression by
different cell types. However, the production of cytokines and growth factors is a key
effector function of recruited and/or activated cells that drive the pathologic process.
Various cytokines and growth factors are also responsible for the maintenance of the
effector population by providing survival, activation and proliferation signals to these
cells. This illustrates the essential function that cytokines and growth factors provide in

promoting pathologic fibrosis.

1.7.1 Pro-inflammatory Cytokines

1.7.1.1 Interleukin-1

Interleukin-1 (IL-1) is a pro-inflammatory cytokine produced early in the myocardial
repair process. Serum levels of IL-1 are elevated in patients after a myocardial infarct
and in heart failure (121, 122). Expression of IL-1 is induced by endogenous ‘danger
signals’ released by damaged cells, mechanical stretch, and cytokine stimulation (123-
126). Most resident cells and infiltrating cells are capable of IL-1 production (123, 127-
129). IL-1 signaling promotes an inflammatory response by activating cells and inducing
the expression of other pro-inflammatory mediators (125). IL-1 promotes the
degradation and deposition of ECM proteins by inducing MMP activity, inhibiting TIMP

expression and modestly promoting collagen synthesis (125). IL-1, in combination with
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Tumor Necrosis Factor (TNF)-a, has a negative inotropic effect on cardiomyocyte
contractility (130). IL-1 therefore has a key role in the initial inflammatory phase of
myocardial injury and promotes further inflammation, EMC remodeling and decreased

cardiac function.

1.7.1.2 Tumor Necrosis Factor-a

TNF-a is another pro-inflammatory cytokine implicated in myocardial fibrosis and organ
failure. Elevated circulating TNF-a levels are detectable in patients with cardiovascular
disease, including heart failure (131, 132). In fact, TNF-a is believed to be a viable
biomarker of cardiovascular disease that can predict the degree of functional impairment
(131, 133, 134). Hypoxia, endogenous ‘danger signals’, mechanical stretch, and other
molecular mediators promote TNF-a expression, similar to IL-1 (123, 125, 135-137).
TNF-a elicits similar cellular responses as IL-1, including the propagation of
inflammation, promoting ECM remodeling, and acting as a negative inotrope to depress
cardiac function (138). However, TNF-a appears to be a more potent fibrotic mediator as
the infusion of exogenous TNF-a or over-expression of cardiac TNF-a is sufficient to
promote myocardial fibrosis, hypertrophy and eventual organ failure (139). TNF-a
appears to be an essential early mediator driving pathologic fibrotic responses within the

myocardium.

1.7.2 Pro-Fibrotic Growth Factors

1.7.2.1 Transforming Growth Factor-

Transforming Growth Factor (TGF)- is a highly pleotropic cytokine that has long been

shown to be a critical component of both healing and pathologic fibrosis. TGF-f is
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secreted as a latent form that must be proteolytically activated (53). The latent form of
TGF-B is constitutively expressed and associated with the supporting matrix of organs,
which functions as a reservoir for this cytokine (53). Latent TGF-f is cleaved by
proteases that are associated with matrix remodeling, thus allowing the activation of this
potent mediator when the structural foundation of tissues are disturbed, as is seen in
injury (53, 140). Activated TGF-f classically signals through a series of adaptor
proteins, called SMAD proteins, which form complexes and translocate to the nucleus to
inhibit or promote gene expression. The pleiotrophic effects of TGF-f signaling are
determined by the exact composition of the SMAD signaling complex, the cell type
stimulated and the composition of the environmental milieu (141). TGF-3 promotes
chemotaxis of circulating monocytes and promotes their activation into a pro-
inflammatory cytokine producing cell (142). However, activated macrophages within
tissues are largely inhibited by TGF-f stimulation and exhibit reduced pro-inflammatory
mediator expression (143). TGF-f is a potent activator of fibroblasts. Fibroblasts
stimulated with TGF- undergo maturation into a myofibroblast phenotype and
significantly increase their ECM protein expression (144). TGF-f activation stimulates
hypertrophic growth of cardiomyocytes (145). Increased TGF-f activation also promotes
the expression of Connective Tissue Growth Factor (CTGF), another pro-fibrotic factor,
which contributes to the pro-fibrotic milieu (146). TGF-f is believed to work
synergistically with other growth factors, including CTGF and Platelet Derived Growth
Factor (PDGF), to enhance ECM protein production and wound contraction (147). TGF-
B is upregulated in models of myocardial injury and patients with cardiovascular disease

(148-151). It directly contributes and further propagates the ECM deposition,

16



hypertrophy and overall organ dysfunction in cardiomyopathies. Furthermore, it’s
believed that TGF-f is a key regulatory factor that mediates the transition from an
inflammatory reaction to an eventual fibrotic process by dampening the immune system

and promoting a fibrotic milieu (152).

1.7.2.2 Connective Tissue Growth Factor

Connective Tissue Growth Factor (CTGF), or CNN2, is a fibrogenic growth factor that
has a complex role in the initiation and progression of myocardial fibrosis. CTGF is
believed to be a matricellular protein that influences the activities of growth factors found
within the ECM (153). Though intensely studied, no specific receptor has yet to be found
for CTGF; however, CTGF is still capable of inducing intracellular signaling most likely
via interactions with integrins expressed on the cell surface (154, 155). CTGF is largely
believed to be a downstream mediator of TGF-f signaling and can be induced by both
SMAD-dependent and independent signaling (156-158). Evidence also suggests that
CTGEF expression can be induced via TGF-B-independent mechanisms as well (159, 160).
CTGF stimulation by itself is only a weakly fibrogenic stimulus (76, 161). However,
CTGF stimulation in the presence of TGF-f significantly promotes fibroblast activation
and ECM protein production beyond the levels induced by TGF-f3 alone (162). As such,
CTGF¥ is believed to be a co-factor for TGF-f3 promoting synergistic fibrotic effects.
Significant CTGF expression has been found shortly after myocardial infarcts, in
hypertensive heart disease and in patients with heart failure (159, 163, 164). In fact,
CTGF expression was found elevated for over 180 days after a myocardial infarct
suggesting a key role for CTGF in long-term reactive fibrosis (163). Measuring

circulating serum levels of CTGF has been proposed as a prognostic tool to monitor the
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extent of myocardial fibrosis in patients with cardiovascular disease (159, 165). CTGF is
clearly involved in driving the fibrotic process, coupled with TGF-f, though the exact

mechanisms have yet to be clearly established.

1.7.2.3 Platelet Derived Growth Factor

Platelet Derived Growth Factor (PDGF) is a growth factor thought to be both protective
and fibrogenic. PDGF is a group of isoforms that includes PDGF-A, -B, -C, and —D that
are required to form dimers in order to signal through one of its two specific receptors,
PDGFRa and PDGFRJ (166). Differential expression of the isoforms has been
demonstrated in fibrotic processes but isoform-specific effects are not clear (167).
Constitutive expression of PDGF is detectable within the healthy myocardium, which is
believed to be responsible for appropriate ECM maintenance (167). PDGF is upregulated
in injury and is partially responsible for recruiting effector cells including leukocytes,
endothelial cells and fibroblasts (168-170). Similar to CTGF, PDGF functions with
TGF-B in a synergistic fashion to promote fibroblast maturation into myofibroblasts,
proliferation, extensive upregulation of ECM protein production, and matrix contraction
(168, 171, 172). Overexpression of PDGF within the heart promotes excess collagen
deposition, hypertrophy and dysfunction of the myocardium (173). This data supports a
fibrotic and hypertrophic role for PDGF when upregulated after myocardial infarction

and in pressure-overload injury (174).

PDGF is also believed to be protective. Therapeutic drugs used for cancer treatment that

block PDGF receptor availability have been associated with significant cardiomyopathies
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in patients indicating PDGF signaling is beneficial (175). Furthermore, PDGF
stimulation promotes angiogenesis and maturation of newly formed blood vessels (176).
PDGF receptor inhibition in cardiac pressure-overload is associated with impaired
vascularization, focal ischemic injury and impaired cardiac function (174). There is
additional evidence that suggests that PDGF is protective against apoptosis in
cardiomyocytes (177). Whether PDGF promotes pathologic fibrosis or protects against it
is likely a response mediated by other factors, including TGF-f3, within the surrounding

milieu that would shift the balance to one response or the other.

1.7.3 Role of Molecular Mediators Regarding Effector Cell Activation and Function

The outlined molecular mediators above act as chemical communication signals to
initiate and propagate the fibrotic process. They do so by acting on the cells present
within the microenvironment where they are being produced. Leukocytes and fibroblasts
are both activated by pro-inflammatory cytokines (178). Growth factors are particularly
potent stimulators of fibroblasts that promote their differentiation and ECM protein
production. Furthermore, effector cells, including leukocytes and fibroblasts, secrete
cytokines and growth factors as a means of promoting fibrosis. Measuring these
mediators within the cardiac milieu allows us to assess the fibrotic process at an organ
level. Alternatively, identifying the cell type producing these mediators allows us to
dissect the key cellular mediators driving fibrosis and the mechanisms by which they do
so. Studying the expression of theses mediators is fundamental to understand the fibrotic

process and the cells driving it.
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1.8 Cardiovascular Disease in Patients

Our animal model is a good tool to dissect the specific mechanisms driving fibrosis but
does not represent the multifactorial nature of myocardial fibrosis development in
patients. While hypertension is a common contributing factor to myocardial injury, the
development of coronary artery disease leading to ischemic heart disease is also very
prevalent within our population. Coronary artery disease develops when the coronary
arteries of the heart have a progressive build up of atherosclerotic plaque narrowing the
lumen (179). As the disease progresses it will significantly impair the blood flow to the
myocardial tissues (179). Without sufficient oxygenated blood, the myocardial tissue
downstream of the afflicted vessel will succumb to ischemic damage. Ischemic injury
promotes a significant inflammatory and fibrotic response within the myocardium (180).
Patients diagnosed with coronary artery disease are also at risk for a complete vascular
occlusion (acute myocardial infarct) and end-stage heart failure (181). Therefore, patients
exhibit a multitude of contributing factors that promote the development of myocardial
fibrosis that cannot be fully accounted for in animal models. However, we maintain that
many of the basic mechanisms promoting fibrosis determined using animal models,
including many of the effector cell types driving the response, are still pertenant to the

disease process in humans.

1.9 Current Treatment Modalities for Cardiovascular Disease

Due to the prevalence of cardiovascular disease within our society, a large arsenal of
pharmaceuticals is currently available and widely used. Many of these drugs specifically
target molecular mediators or physiologic signaling pathways that drive progressive

cardiovascular disease. Of these drugs, many target cholesterol levels (statins),
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sympathetic nervous system activation (B-blockers), the clotting cascade (anti-
coagulants) and vascular tone (RAAS inhibitors, diuretics, calcium channel blockers)
(182). Many of these drugs are used in combination to inhibit multiple biologic
mechanisms that promote aberrant cardiac events (182). Even with these diverse
therapeutic options, individuals with heart failure still have a 5 y mortality rate that
approaches 60% on average indicating an ongoing demand for novel pharmacological

therapies to improve patient outcomes (183).

Surgical techniques are also implemented to alleviate physical manifestations of
cardiovascular disease. These interventions are largely used to treat myocardial infarcts
and/or coronary artery disease, where stenoses or occlusion occur in coronary vessels
inducing ischemic injury to the downstream myocardial tissues. Percutaneous Coronary
Intervention (PCI) is a minimally invasive technique that allows the opening of
constricted vessels by using balloon angioplasty (184). Typically an expandable wire
mesh tube, known as a stent, is then placed within the affected vessel in an attempt to
maintain the increased luminal diameter and increase blood flow. Alternatively, Coronary
Artery Bypass Grafting (CABG) surgery is a highly invasive technique that involves the
grafting of patent vessels isolated from elsewhere in the body to the aortic root and also
downstream of the diseased vessel (184). This effectively bypasses the diseased vessel
allowing the revascularization of the ischemic tissue originally supplied by the narrowed
or occluded vessel. Both PCI and CABG surgery allow for revascularization of tissue
and improved perfusion of the myocardium. Though these techniques are critical for

preventing further tissue injury in patients with ischemic heart disease they are not
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believed capable of repairing tissue that has already undergone signficant remodeling.
However, new avenues of therapy are currently being trialed, including stem cell therapy,
which promote cardiac regeneration and repair rather than inhibiting precursor events
(185). Treatments that promote cardiac regeneration would be useful in those patients

whom present with myocardial injury late or do not respond to current treatments.

Taken together, it is clear that current therapies for patients with cardiovascular disease
are largely successful in inhibiting the precursor events the can lead to heart failure.
However, we are not yet capable of completely abrogating myocardial fibrosis and the
associated tissue remodeling seen in cardiovascular disease or repairing an already
injured myocardium. New techniques are still needed to address these issues. One
particular avenue to approach design of novel therapeutics is to target the cellular
mediators of fibrosis. By identifying the exact cell types responsible, how they traffic to
the tissue and their biologic function, these can then be targeted to decrease pathologic

fibrosis.

1.10 Project Rationale

Though there has been intense study of myocardial fibrosis and remodeling, there is a
paucity of evidence relating to the specific mechanisms that occur early in the pathologic
response initiating myocardial fibrosis. Specifically, there is limited evidence available
regarding the exact phenotype of the initial infiltrating effector cell type(s) and their
migration kinetics in models of myocardial fibrosis in the absence of ischemia.

Furthermore, the mechanisms by which these infiltrating cells are recruited into the
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myocardium and how they promote fibrosis are unclear. My original hypothesis for this
project was that a circulating progenitor leukocyte, of myeloid lineage, infiltrates the
myocardium prior to the development of myocardial fibrosis and orchestrates the
resulting fibrotic response. From that hypothesis I projected that any therapeutic
interventions that inhibit this effector cell infiltration would confer protection in the
presence of fibrotic stimuli. Lastly, I anticipated that the cell type identified in an animal
model of myocardial fibrosis would also contribute to myocardial fibrosis in patients with

ischemic heart disease.

1.11 Objectives

1) Characterize the phenotype of the initial infiltrating cells in a rodent model of

myocardial fibrosis.

2) Identify the mechanisms responsible for recruiting the infiltrating cell type.

3) Characterize the pro-fibrotic molecular stimuli that promote myocardial fibrosis.

4) Identify therapeutic avenues to inhibit cellular infiltration and protect against

myocardial fibrosis.

5) Determine if the identified infiltrating cell type is involved in clinical cases of

cardiovascular disease potentially promoting myocardial fibrosis.
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CHAPTER 2

MYOCARDIAL FIBROSIS IN RESPONSE TO ANGIOTENSIN II IS
PRECEDED BY THE RECRUITMENT OF MESENCHYMAL

PROGENITOR CELLS

MJ Sopel*, NL Rosin**, TDG Lee, JF Légaré

Laboratory Investigation. 2011. 91(4):565-578

" Author contributions are clearly outlined in Appendix 2.
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2.1 Abstract

Background: Myocardial fibrosis is characterized by significant extracellular matrix
(ECM) deposition. The specific cellular mediators that contribute to the development of
fibrosis are not well understood. Using a model of fibrosis with Angiotensin II (AnglI)
infusion, our aim was to characterize the cellular elements involved in the development
of myocardial fibrosis. Methods: Male C57B1/6 and Tie2GFP mice were given Angll
(2.0mg/kg/min) or saline (control) via mini osmotic pumps for up to 7d. Hearts were
harvested, weighed and processed for analysis. Cellular infiltration and collagen
deposition were quantified. Immunostaining was performed for specific markers of
leukocytes (CD45, CD11b), myofibroblasts (SMA), endothelial cells (vVWF), and
hematopoietic progenitor cells (CD133). Bone marrow origin of infiltrating cells was
assessed using GFP" chimeric animals. Relative qRT-PCR was performed for pro-fibrotic
cytokines (TGF-B1, CTGF) as well as the chemokine SDF-1a. Myocardial infiltrating
cells were grown in vitro. Results: Angll exposure resulted in multifocal myocardial
cellular infiltration, which preceded extensive ECM deposition. A limited number of
myocardial infiltrating cells were positive for leukocyte markers but were significantly
positive for myofibroblast (SMA) and endothelial cell (vVWF) markers. However, using
Tie2GFP mice, where endothelial cells are GFP", myocardial infiltrating cells were not
GFP". Transcript levels for SDF-10 were significantly elevated at 1d of Angll exposure
suggesting that hematopoietic progenitor cells may be recruited. This was confirmed by
positive CD133 staining of infiltrating cells and evident GFP" cellular infiltration when
exposing GFP" bone marrow chimeras to Angll. Furthermore, a significant number of

CD133"/SMA" cells were grown in vitro from the myocardium of AnglI exposed animals
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(p<0.01). Conclusions: Myocardial ECM deposition is preceded by the infiltration of the
myocardium with hematopoietic cells that express mesenchymal markers. This data
suggest that mesenchymal progenitor cells are recruited, and may have a primary role, in

the initiation of myocardial fibrosis.

2.2 Introduction

Myocardial fibrosis is a common pathological feature seen in many patients with heart
disease and is hypothesized to be the final common pathway that ultimately results in
irreversible organ failure (5). Pathologically, fibrosis is characterized by the
accumulation of extracellular matrix (ECM) proteins within the myocardium. While
initially ECM deposition can be beneficial and occur in response to injury, the repair
response can become exacerbated (5). The lack of resolution of this ECM deposition in
tissue is the hallmark of fibrosis (2). The accumulation of ECM proteins within the
myocardium enhances cardiac stiffness and can eventually impair cardiac function
leading to the development of heart failure (5). The exact mechanisms responsible for

myocardial fibrosis remain to be clearly defined, despite intense study.

Recent evidence has implicated Angiotensin II (Angll) in the progression of myocardial
fibrosis. AngllI has been suggested to be a potent pro-fibrotic molecule (5). Increased
serum levels of Angll are seen in patients with cardiovascular diseases that are associated
with myocardial fibrosis, including atherosclerosis, hypertension, cardiac hypertrophy
and heart failure (5, 20, 21). Clinical trials looking at the inhibition of the renin-

angiotensin system, and more specifically Angll receptor blockers (ARB), demonstrate
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significant benefit in the prevention of cardiovascular events, including the cardiac
remodeling seen with myocardial fibrosis (11, 186). Moreover, Angll given exogenously
to rodents has been shown to result in cellular changes within the myocardium,
hypertrophy and eventual fibrosis, similar to that seen in humans (7, 11, 12, 187). Taken
together, this evidence strongly supports a role for Angll in the development of
myocardial fibrosis. The direct mechanisms responsible, and the effector cells involved,

have yet to be fully characterized.

Rapid myocardial cellular infiltration is evident in animals infused with Angll which
suggests that the cellular component has an effector function in the development of
myocardial fibrosis (61). It is unclear, however, what cell types participate in this
infiltration. The cellular accumulation has been primarily described as mononuclear in
appearance, lacking polymorphonuclear cells. This has led some investigators to suggest
that these cells are of the monocyte/macrophage lineage (12, 187-190). One should note
that cells that stain positive for monocyte/macrophage markers do not account for all the
infiltrating cells (12, 187, 188). This observation suggests a role for a yet to be described

cell type.

The predominant characteristic of fibrosis, ECM deposition, is generally thought to result
from the activities of fibroblasts and myofibroblasts rather than macrophages. Cardiac
fibroblasts are activated in response to hypertrophic stimuli, including AnglI (191-194).
Furthermore, fibroblasts proliferate and increase the production of ECM proteins in

response to Angll exposure in vitro. However, the in vivo data available to support this
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response to Angll is limited (5, 191-194). Finally, if myofibroblasts make up a
component of the cells that accumulate in the myocardium after Angll exposure, their
origin remains to be determined. Myofibroblasts can arise from the activation and
proliferation of resident fibroblasts or from several different sources including

endothelial-mesenchymal transitions and blood borne mesenchymal progenitor cells

(referred to as fibrocytes) (2, 85, 195-197).

The data presented in this study characterizes early cellular migration to the myocardium
in response to Angll. We identify a novel population of hematopoietic progenitor cells
with mesenchymal properties as an infiltrating cellular population involved in Angll
mediated myocardial fibrosis and as such, suggest alternative mechanisms in the

initiation of fibrosis.

2.3 Materials and Methods

2.3.1 Animals

All work was approved by Dalhousie University’s University Committee on Laboratory
Animals. Male C57BL/6, enhanced green fluorescent progein (eGFP) and Tie2-GFP
mice ranging from 7 to 8 wk of age were purchased from Jackson Laboratory (Bar
Harbour, ME) and were housed within the Medical Sciences Animal Care Facility at
Dalhousie University. Mice were provided food and water ad libitum for 1 wk prior

experimentation.
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2.3.2 Angll Infusion

Animals were anesthetized with isoflurane (Baxter Healthcare Corp., New Providence,
NJ) in oxygen delivered by a Fortec vaporizer. When surgical levels of anesthesia were
reached a 1-2 cm mid-scapular skin incision was made and a mini osmotic pump (Alzet,
Palo Alto, CA) was inserted subcutaneously. The incision was closed using 7mm wound
clips. Animals were randomly assigned to receive Angll (2.0 pg/kg/min, Sigma Aldrich,
Oakville ON), Angll and Losartan (ARB; 6.9 pg/kg/min, Sigma Aldrich) or a vehicle
control of saline. The pumps remained in for 1, 3 or 7d during which the animals were
provided with food and water ad libitum and observed for signs of morbidity. Prior to
euthanization, blood pressure measurements were taken via the Coda2 non-invasive cuff

system (Kent Scientific, Torrington, CT) for a minimum of 5 consecutive measurements.

2.3.3 GFP' Bone Marrow Chimera

Generation of GFP-bone marrow (BM) chimeric animals were generated as previously
described (198). Briefly BM cells were harvested from 8 week old eGFP-transgenic mice
with a C57/B16 background (198). After irradiation with a two doses of 5.5 Gy, four
hours apart, the unfractionated GFP™ BM cells (5x10° cells in 150ul of sterile phosphate —
buffered saline) were injected via the tail vein into irradiated C57/Bl6 mice. Engraftment
was evaluated 8 weeks later by collecting peripheral blood cells and looking at the
frequency of GFP" cells among peripheral nucleated cells (data not shown) (88, 198).
Only animals with demonstrated engraftment (>60% of white blood cells were GFP")
were used for the 2 treatment groups (saline control or Angll infusion as per protocol).
Immunofluorescence was used to enhance localize GFP" cells within the myocardium.

Antigens were retrieved on sections of formalin fixed and paraffin embedded GFP
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chimeric tissues and then non-specific protein binding was blocked with 10% normal
goat serum. The tissues were then incubated with the rabbit anti-eGFP primary antibody
(Abcam, Cambridge, MA) followed by incubation with an alexa488 conjugated goat anti-
rabbit. Tissues were thoroughly washed and cover slipped. Fluorescent microscopy was
performed; pictures were captured and analyzed in Adobe Photoshop 5.0. Cover slips
were removed and the tissues were then stained with a hematoxin and eosin (H&E) stain
to assess basic histology of tissues for comparison to GFP positivity. Light microscopy

was performed; pictures were captured and analyzed in Adobe Photoshop 5.0.

2.3.4 Tissue Harvest

Hearts from experimental animals were harvested and weighed. Cardiac mass index was
measured by calculating the heart:body weight ratio. The hearts were lastly divided
along the short axis into 3 portions including the base, middle and apical sections. The
base portion was processed for histological examination while the other two portions

were snap frozen immediately for molecular analysis.

2.3.5 Cell Isolation and Culture

Hearts from untreated mice (n=3) or mice infused with AnglI for 3d (n=3) were
harvested under sterile conditions and used for cell isolation. Briefly, hearts were
initially mechanically minced and then enzymatically digested in a Collagenase solution
(50pg/mL Collagenase 11, Cedar Lane, Burlington, ON) in Roswell Park Memorial
Institute 1640 (RPMI) media (Gibco, Life Technologies, Burlington ON) at 37°C with
agitation for 45min. The cell isolates were washed twice with complete RPMI (10%

heat-inactivated fetal calf serum, 2mM L-glutamate, 100pug/ml streptomycin and 100U/ml
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Penicillin) and then plated on T-25 flasks coated with 0.1% gelatin. Cellular isolates
were incubated at 37°C with 5% CO, for 3d, after which all non-adherent cellular debris
was removed and fresh media was supplied. In all groups, digital images taken using an
inverted microscope for cell counting. Areas of cell growth were randomly selected
(6/flask containing cells isolated from 1 heart) for cell counts. Adherent cells from naive
hearts were then serum starved for 24hr and then exposed to Angll (100nM) in serum

free RPMI for 2d. Digital images were again taken to asses cell growth.

For immunofluorescence, cultured myocardial cells initially grown on 0.1% gelatin
coated cover slips were fixed with 4% paraformaldehyde for 30min. Non-specific protein
binding was blocked with a Mouse on Mouse Block kit (Vector, Burlington CA) and
normal goat serum. The cells were incubated with the primary antibodies of rabbit ant-
CD133 (Abcam) and mouse anti-a-smooth muscle actin (SMA, Sigma Aldrich). This
was followed by incubation with an Alexa488 conjugated goat anti-mouse secondary and
an Alexa555 conjugated goat anti-rabbit secondary. Cells were thoroughly washed and
mounted on slides. Fluorescent microscopy was performed and digital images were
acquired and analyzed in Adobe Photoshop 5.0. Furthermore, differential interference

contrast microscopy was performed and digital images were acquired.

2.3.6 Histological Analysis

Hearts were processed for histological assay by: a) fixing with 10% formalin for 24hr; b)
protecting with sucrose/OCT followed by snap freezing; or c) fixing with 4%

paraformaldehyde for 24hr. Formalin fixed tissues were paraffin embedded and were
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serially sectioned on a microtome (Sum). Frozen and paraformadehyde fixed tissues
were OCT embedded and serially sectioned on a cryostat (§um). Basic myocardial
histology and cellular infiltration were examined using heart cross-sections stained with
H&E. Cellular changes were quantified by using an overlaid 500 x 500 pixel grid over
heart sections, which were captured at 5x magnification. Grids that contained any
cellular infiltration or areas of excess ECM deposition were tallied as well as total grids

encompassed by the heart. The percent of grids affected were then calculated.

Immunohistochemistry for SMA (Sigma Aldrich), von Willebrand Factor (vVWF;
Chemicon, Temecula, CA), KI-67 (DakoCytomation, Mississauga, ON) and CD133
(Abcam) was performed on paraffin embedded tissues which required deparaffinization
and antigen retrieval prior to staining. Immunohistochemistry was performed for CD45
(BD Biosciences, San Jose, CA) and CD11b (AbD Serotec, Raleigh, NC) on frozen tissue
which did not require antigen retrieval prior to staining. Briefly, endogenous peroxidases
were quenched with 3% hydrogen peroxide; endogenous biotin was blocked (DAKO
Biotin Blocking System, DakoCytomation, Mississauga, ON); and non-specific staining
was blocked with normal goat serum or normal horse serum. Sections were incubated
with the individual primary antibodies and followed by a specific biotin-conjugated
secondary antibody. The antibody complexes were then conjugated to an Avidin-biotin
complex (Vecstastain ABC kit; Vector) and developed using 3,3' diaminobenzidine as the
chromogen (DAB, DakoCytomation). Light microscopy was performed; pictures were
captured and analyzed in Adobe Photoshop 5.0. Immunofluorescent staining was also

performed for vVWF on paraformaldehyde fixed tissues. Briefly, the tissues were
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incubated with normal goat serum to block non-specific binding. The slides were
incubated with the primary antibody followed by a Cy3 conjugated secondary.
Fluorescent microscopy was performed; pictures were captured and analyzed in Adobe

Photoshop 5.0

2.3.7 Collagen Deposition

Collagen detection was accomplished using Sirius red and fast green stains, and
quantified using a modified technique originally described by Underwood and colleagues
(199). Image analysis software (IPTK 5.0, Reindeer Graphics, Asheville, NC) was used
to quantify collagen in the heart sections. Briefly, slides were examined under a
microscope with the 10X objective and areas of collagen deposition were captured with a
digital camera. The image analysis software was used to quantify the amount of tissue
positive for Sirius red. Sections from individual animals were averaged and experimental

groups compared to control animals.

2.3.8 Relative Quantitative Polymerase Chain Reaction (QRT-PCR)

Using the TRIzol reagent (Gibco), RNA was isolated from the snap frozen myocardium
as per the manufacturer’s protocol. First strand cDNA was synthesized from 1 pg of total

RNA using iScript cDNA Synthesis Kit (Biorad. Hercules, CA).

Relative quantitative RT-PCR (qRT-PCR) was completed using 12.5 ng of input cDNA
with 0.5 uM of each of the forward and reverse primers and 1x iQ SYBR Green
Supermix (Bio-Rad) was subjected to qRT-PCR using iQ Multicolour Real-Time PCR

Detection System thermocycler (Bio-Rad). Standard curves, for efficiency, and no-
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template control samples were run along with the samples during thermocycling. A
melting curve was performed after thermocycling was complete to ensure target
specificity. The primers were designed against the mRNA sequence of connective tissue
growth factor (CTGF) (forward: 5’-TCAACCTCAGACACTGGTTTCG-3’; reverse: 5°-
TAGAGCAGGTCTGTCTGCAAGC-3’), stromal derived factor (SDF)-1a (forward: 5°-
GTAGAATGGAGCCAGACCATCC-3’; reverse: 5°-
ATTCGATCAGAGCCCATAGAGC-3’), transforming growth factor (TGF)-1
(forward: 5’-GACTATCCACCTGCAAGACTATCG-3’; reverse: 5°-
GACTATCCACCTGCAAGACTATCG-3’) and 18S ribosomal RNA (forward: 5’-
TCAACTTTCGATGGTAGTCGCCGT-3’; reverse: 5°-
TCCTTGGATGTGGTAGCCGTTTCT-3"). Expression was normalization to the 18S

ribosomal gene using the Pfaffl method.

2.3.9 Statistical Analysis

One-way ANOVA tests were completed on all quantitative data using the Dunnet post-
test to compare the experimental groups to the saline control. Our level of significance
was set as p < 0.05. All statistical calculations were computed using GraphPad Prism 4

software.

2.4 Results

2.4.1 Effect of Angll on Animals

Animals were assigned to 3 experimental groups and infused with: a) AnglI (2.0
pg/kg/min, n=35); b) Angll with Losartan (ARB, 6.9 pg/kg/min, n=4); or c) saline

(control, n=17). Myocardial hypertrophy was measured via a cardiac mass index. Angll
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exposure resulted in a significant increase in cardiac mass index at 7d (p < 0.01)
compared to control animals (Fig. 2.1). Infusion of an ARB abolished the hypertrophic
effect of Angll at 7d (Fig. 2.1) confirming that AnglIlI effects are dependent on the
interaction with its receptor (AT1R). Angll exposed animals showed a significant
increase in their systolic, diastolic and mean arterial pressures after 7d of exposure when

compared to control animals (p < 0.01; Fig. 2.1).

2.4.2 Myocardial Collagen Deposition

Hearts were harvested after 1, 3 and 7d and the degree of myocardial collagen deposition
was quantified in heart sections stained with Sirius red. Angll exposure resulted in multi-
focal areas of extensive collagen deposition after 3 and 7d when compared to control
animals (Fig. 2.2). Quantification of collagen accumulation in Angll exposed animals
confirmed these findings at 3 and 7d post Angll infusion compared to background
collagen levels seen in control animals (p < 0.01; Fig. 2.2). Co-treatment of mice with
Angll and an ARB resulted in base-line levels of collagen deposition suggesting that the
fibrotic effects of Angll require AT1R signaling. The transcript levels of the pro-fibrotic
factor transforming growth factor (TGF)-B1, analyzed by qRT-PCR, was significantly
elevated above saline levels after 1 and 3d of exposure (4 and 5 fold increase
respectively, p < 0.01, Fig. 2.2). Similarly the transcript levels of the pro-fibrotic factor
connective tissue growth factor (CTGF) downstream of TGF-b1, analyzed by qRT-PCR,
was also significantly elevated above saline levels after 1 and 3d of exposure (19 and 13
fold increase respectively, p < 0.01, Fig. 2.2), but were at baseline levels in animals

receiving Angll and an ARB (Fig. 2.2). The significant increase in both TGF- 1 and
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CTGF transcript levels at 1d appears to temporally precede the increase in collagen

deposition seen at 3 and 7d.

2.4.3 Cellular Infiltration

Hearts stained with H&E suggested that Angll exposure resulted in progressive
myocardial changes over the 7d period. Multifocal areas of cellular infiltration and
myocyte loss were evident, particularly at 3 and 7d, in the myocardium of Angll exposed
animals (Fig. 2.3). We have adapted a grid-scoring method to quantify cellular
infiltration within Angll exposed myocardiums confirming that significant myocardial
cellular infiltration is evident as early as 1d exposure and progressively increased at 3 and
7d (p <0.01 at 1, 3 and 7d; Fig. 2.3). In contrast, hearts from saline control animals and
animals co-treated with Angll and an ARB exhibited normal myocardial histology with

no significant cellular infiltration (Fig. 2.3).

Cells seen infiltrating the myocardium were mononuclear in appearance with no evident
polymorphonuclear cells. Immunohistochemistry was used to identify these cells using
cell specific markers. At 7d, less than 20% of the infiltrating cells were positive for a
leukocyte specific marker (CD45; Fig 2.4), which also corresponded with staining
patterns for macrophage-specific markers (CD11b; Fig 2.4) and negative peroxidase stain
(data not shown). In contrast, immunohistochemistry for myofibroblasts/smooth muscle
cells (SMA) and endothelial cells (VWF) showed a large number of the infiltrating cells

stain positively in areas of ECM deposition (Fig. 2.4).
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The evident vWF staining is indicative of endothelial cell accumulation suggestive of
neo-angiogenesis. To confirm the presence of endothelial cells we used a transgenic
mouse (Tie2-GFP) that expresses green fluorescent protein (GFP) under the endothelial
specific promoter Tie2. In the myocardium of Tie2-GFP mice exposed to Angll, few
GFP positive cells were visible within areas of myocardial cellular infiltration and little
co-localization with vWF positive staining was evident (Fig. 2.5.). This data suggests

that the infiltrating cells were not differentiated endothelial cells.

2.4.4 Origin of Myocardial Infiltrating Cells

Based on KI-67 staining, infiltrating cells appear to undergo significant proliferation
suggesting that they may be undifferentiated cells with a high proliferative index (Fig.
2.6). The transcript levels for a well-known chemokine for hematopoietic progenitor
cells, SDF-1a, was significantly increased within 1d of exposure to Angll and remained
elevated over the 7d exposure period (Fig. 2.7). We used immunohistochemistry for a
hematopoietic progenitor cell marker, CD133, to identify and localize any hematopoietic
progenitor cells in vivo. A large population CD133" cells was evident within areas of
myocardial infiltration in Angll exposed myocardiums at 3 and 7d of exposure, which
corresponded to the expression of SMA " marker (Fig. 2.7). The bone marrow origin of
these myocardial-infiltrating cells was then confirmed using GFP* chimera mice. GFP"
chimera (n=5) mice were exposed to Angll or saline infusion and heart tissue examined
at 3d. Virtually all infiltrated cells were positive for GFP when compared to saline

control (Fig. 2.8).
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2.4.5 Isolation of CD133"/SMA" Cells and Growth In Vitro

Using whole heart homogenate, we were able to grow primary cultures of adherent cells
in an effort to characterize the origin of myocardial infiltrating cells seen in animals
exposed to Angll. Myocardial cell isolates were taken from both Angll exposed and
untreated animals. After 3d in culture, a distinct adherent cell population with spindle
shape morphology was evident in flasks containing isolates from Angll treated
myocardiums (Fig. 2.9). This was in contrast to very few adherent cells seen in cultures
of untreated heart homogenates (Fig. 2.9). When quantified, there were significantly
more adherent cells in cultures from AngllI treated as compared to untreated hearts (60
cells/HPV and 8 cells/HPV respectively, p < 0.01, Fig. 2.9). Dual labeling for CD133 and
SMA using immunofluorescent labels was used to further characterize the cultured cells.
Cells from untreated hearts were single positive CD133'SMA" whereas 81 = 3% of cells
from an Angll exposed hearts appeared to be double positive CD133"'SMA" (Fig. 2.9). In
an additional set of experiments, cells cultured from untreated hearts were treated with
Angll (100nM) for 2d but failed to show a significant expansion in the number of

CD133" cells, further supporting that their origin is not from resident cells (Fig. 2.9).

2.5 Discussion

We have shown that AnglI exposure results in significant ECM deposition that is
characteristic of myocardial fibrosis. This collagen deposition was correlated with an
increase in key pro-fibrotic factors, TGF-B1 and its down stream mediator CTGF, shortly
after Angll infusion. We have provided evidence that early cellular infiltration into the
myocardium precedes significant ECM deposition, potentially providing pro-fibrotic

stimuli to initiate fibrosis. Despite the fact that the Angll infusion model is a well-
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established model for hypertrophy, fibrosis, and hypertension, there has been little work
done to characterize the cellular component of the response. The current paradigm asserts
that fibrosis is the response to an initial stimulus that induces local inflammation and the
recruitment of inflammatory cells. These cells then stimulate a fibrotic response. This
theory has been supported by the identification of mononuclear cells, positive for
macrophage markers, in the infiltrating cell population (12, 187-190). However, cell
phenotypes and marker expression are dynamic and cells can alter their molecular
expression to respond appropriately to stimuli in their environmental milieu. There is a
circulating monocyte/macrophage precursor population that expresses specific markers
for this cell type but are a phenotypically heterogeneous population (9, 10). Furthermore,
precursors from the monocyte/macrophage lineage have been found to differentiate into
non-immune cell types when presented with the appropriate stimuli (10, 200, 201). It is
plausible that macrophage marker expression in tissue could have a temporal relationship
to the degree of cell differentiation. We found very few cells expressing leukocyte or
macrophage markers within the myocardium of mice early after Angll infusion which has
been supported by others (24). This data suggests that fully differentiated leukocytes,
specifically macrophages, may not represent the primary infiltrating cell. This data casts
doubt on the prevailing paradigm that acute inflammation is the primary mechanism
promoting fibrosis. However, there is an important distinction to be made between the
present study, which uses a model of Angll-mediated fibrosis, compared to ischemic
models that have been associated with fibrosis. In models of ischemia, in which there has
been myocardial injury or infarction, inflammation has been shown to play a key role in

healing and likely participates in the development of fibrosis but its contribution to date
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has been poorly defined (152, 202, 203). The complex interactions between ischemia and

the development of fibrosis were not explored in this study.

We have shown that Angll exposure results in significant positive staining for markers of
mesenchymal cells, including SMA and vWF, by early myocardial infiltrating cells.
SMA is a structural protein largely found in smooth muscle cells and myofibroblasts
(204). The diffuse staining pattern of SMA would correspond with a myofibroblast-like
cell population which are believed to be the primary cell responsible for ECM deposition
(204). vWF, however, is a glycoprotein that is largely concentrated on the sub-
endothelial matrix and as such, is often used as a histological marker for endothelial cells
(205). Extensive staining with vWF is indicative of endothelial cell accumulation and/or
neo-angiogenesis. However, our findings using Tie2GFP mice, in which endothelial cells
express GFP, suggest that areas of myocardial cellular infiltration do not represent

terminally differentiated endothelial cells.

We also found that a significant proportion of the infiltrating cells within the myocardium
were positive for CD133. CD133 is known as a marker of hematopoietic stem cells
found largely in the bone marrow and circulation (206). The presence of CD133 positive
cells within the myocardium of Angll exposed animals suggests a role for
undifferentiated hematopoietic progenitor cells in the fibrotic response. The
hematopoetic (BM) origin of infiltrating cells was confirmed using BM chimera in which
virtually all infiltrating cells were GFP". This hypothesis is supported by the fact that

SDF-1a, a common chemokine for hematopoietic progenitor cells (207), was
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significantly up-regulated within the myocardium of Angll exposed animals as early as
day 1. This provides a potential mechanism to allow recruitment of circulating
progenitor cells out of the blood into the tissue. Furthermore, we have shown that a large
proportion of cells accumulating within Angll exposed myocardium were positive for a
proliferation marker, KI-67, suggesting a high proliferative index. Terminally
differentiated cells, including myocytes and leukocytes, typically do not undergo
proliferation. Collectively, our data suggest that AngllI results in the early recruitment of

a hematopoietic progenitor cell into the myocardium.

The co-localization of a mesenchymal marker (SMA) and a hematopoietic progenitor
marker (CD133) within areas of myocardial cellular infiltration suggests that these cells
could represent fibroblast precursor cells, sometimes referred to as “fibrocytes”.
Fibrocytes are thought by some to be derived from an early monocyte precursor lineage
(200). They are characterized by the co-expression of a hematopoietic marker
(CD133/CD34), a leukocyte marker (CD45/CD11b) and a mesenchymal marker
(SMA/Colll) (208). Expression levels of these markers vary depending on the level of
differentiation from early progenitor markers to late myofibroblast markers (208).
However, the co-localization of a hematopoietic marker (CD133, CD34) and a
mesenchymal marker (SMA, Colll), as we demonstrated in primary isolated cells in
vitro, is sufficient to confirm a fibrocyte phenotype (209). Our in vitro data demonstrated
that these CD133"SMA" cells can be grown easily in primary cultures from the
myocardium of Angll exposed animals when compared to untreated animals where

CD133"SMA" could not be identified by 3d in culture. Furthermore exposure of primary
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cultures from untreated animals to AngII did not yield expansion of CD133"SMA" cells
supporting our GFP chimera data that the origin of these cells is likely from the bone

marrow as opposed to locally proliferating cells.

Fibrocytes have been implicated in liver, kidney, lung and skin fibrosis (196, 210, 211).
Furthermore, others have shown that Angll exposure leads to the recruitment of
fibrocytes into renal tissue in a model of kidney fibrosis (211). Importantly, fibrocytes
can be recruited in response to SDF-1a gradients (196). However, until recently few
investigators have suggested a major role for fibrocytes in cardiac fibrosis. Haudeck et al.
in a recent publication was able to show that fibroblast precursors can be seen in animals
exposed to Angll who develop myocardial fibrosis (24). The identified fibroblast
precursors exhibited leukocyte markers (CD45), fibroblast markers (SMA) and
progenitor cell markers (CD34) which, are all in keeping with the phenotype of fibrocytes
we have shown in the present manuscript (CD133"/SMA") (24). Our findings
complement this recent work supporting the role of fibrocytes and confirming in-vivo
(GFP chimera) and in-vitro (CD133 'SMA" primary cultures) that these cells appear to be

fibroblast progenitor cells originating from the bone marrow.

Taken together, our findings supports the hypothesis that fibrocytes are the hematopoietic
progenitor cell type that is recruited to the myocardium early after Angll exposure. We
are proposing that fibrocytes, as opposed to solely inflammatory cells, are a key effector
cell in the initiation of myocardial fibrosis. The regulation of fibrocyte recruitment is just

beginning to be characterized and is potentially different from that of leukocytes. Thus,
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additional investigation into the role and regulation of fibrocytes is required to further
characterize their role in myocardial fibrosis.
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Figure 2.1 The Effects of Angll on Animals

Angll exposure induced an increase in the cardiac mass index (heart weight:body weight
ratio) at 7d (A); Hemodynamic measurements were taken via tail cuff and Angll

exposure at 7d increased systolic, diastolic and mean arterial pressure (B). **p<0.01
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Figure 2.2 Collagen Deposition

To evaluate collagen deposition heart sections were stained with Sirius red and fast green.
Representative sections are shown from control animals (A), 7d Angll exposed animals
(B), and 7d Angll exposed animals + ARB (C). Collagen in the heart sections was
quantified using image analysis software. Angll exposure resulted in significant collagen

deposition at 3 and 7d and appeared dependent on AnglI receptor mechanism (D). Using
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qRT-PCR, we measured myocardial expression of TGF-B1 (E) and CTGF (F) mRNA
transcript levels relative to the 18s ribosomal gene expression. Relative mRNA transcript
levels for both TGF-B1 and CTGF were significantly increased in AngllI infused animals

at 1 and 3d, **p<0.01. Images were captured at 25X.

46



Saline

Areas of Foci

35- ok wx

304 T T

254 ok

204 T
15+ T

% Grids Affected

Saline 1 I:')ay 3 I:')ay 7 E')ay Anglll + ARE
Angll

Figure 2.3 Heart Morphology

Representative sections of hearts stained with H&E from animals: saline control (A)
Angll for 7d (B) and 7d Angll exposed animals + ARB (C). Angll infused animals
resulted in areas of marked mononuclear cell accumulation, which preceded
cardiomyocyte loss and replacement by extracellular matrix. The percent area of the
myocardium affected by foci of myocardial cellular infiltration and ECM deposition was

quantified to confirm visual assessments (D), **p<0.01. Images were captured at 25X.
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Figure 2.4 Immunocytochemistry

Immunostaining for a pan-leukocyte marker (CD45, A, B), monocyte/macrophage
marker (CD11b, C, D), myofibroblasts (SMA, E, F), and endothelial cell associated

marker (VWF, G, H). Representative sections are shown from control animals (A, C, E,
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G), and 7d Angll exposed animals (B, D, F, H). Angll exposure is associated with
myocardial infiltration with some CD45" and CD11b" cells but marked SMA" and vWF"

cells. Images were captured at 63X.
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Figure 2.5 Endothelial Cell Localization

Fluorescence of natural green fluorescence protein (GFP) expression in a Tie2-GFP
mouse (A, D), immunofluorescence of vWF staining with a red Cy3 secondary (B, E) and
the combined image of both the GFP and vWF fluorescence with yellow coloration
indicating overlapped expression (C, F). Representative images from control animals (A-

C) and 7d AngllI animals (D-F) are shown. Images were captured at 63X.
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Figure 2.6 Cellular Proliferation

Representative images of immunocytochemistry for the proliferation marker KI-67 in

control animals (A) and 7d Angll animals (B). Images were captured at 63x.
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Figure 2.7 Hematopoietic Progenitor Cells

Immunostaining for the hematopoietic progenitor cell marker CD133. Representative
sections are shown from control animals (A), 3d Angll exposed animals (B), and 7d
Angll exposed animals (C). Angll exposure is associated with myocardial infiltration by
a CD133" population increasing from 3 to 7d. Using qRT-PCR, transcript level of SDF-
la (D) was measured and normalized to 18S ribosomal gene expression. Relative
transcript levels of SDF-1a was significantly increased in Angll infused animals.

**¥p<0.01. Images were captured at 63X.
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Figure 2.8 GFP Chimera Experiments

Representative sections of heart tissue taken from GFP" BM chimeric animals that were
assigned at random: saline control treatment for 3d (A,B) or AnglI for 3d (C,D). Angll
infusion resulted in areas of marked cellular accumulation seen in H&E (C) when
compared to control (A). Furthermore, all areas of cellular infiltration in Angll animals
were strongly positive for GFP" immunofluorescence (D) when compared to saline
control (B) suggesting that virtually all infiltrating cells are of BM origin. Images were

captured at 25X.
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Figure 2.9 Isolated Cells

Cells were isolated out of the myocardium of untreated and 3d Angll exposed animals.
Photomicrograph were taken of adherent cell populations obtained from untreated
(A,C,E,G) and Angll exposed (B,D,F,H) myocardium after 3d in culture at 40x
magnification. Representative pictures illustrate the increase in adherent cells in cultures
from Angll exposed myocardiums (G,H). Cell counting (6 high power field (HPV)
10X/animal) was used to quantify the degree of cell growth by adherent cells between
untreated naive cells, untreated cells exposed to Angll (100nM) and cells from Angll
exposed myocardium (I). Dual labeling immunofluorescence was used to demonstrate
co-localization of SMA (green; A,B), CD133 (red: C,D), and overlaid to show co-

localization of markers (yellow) (E,F) captured at 40x magnification. **p<0.01.
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CHAPTER 3

FIBROBLAST PROGENITOR CELLS ARE RECRUITED INTO THE
MYOCARDIUM PRIOR TO THE DEVELOPMENT OF

MYOCARDIAL FIBROSIS
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3.1 Abstract

Introduction: Using an established model of myocardial hypertrophy and fibrosis after
Angiotensin II (Angll) infusion, our aim was to fully characterize the early cellular
element involved in the development of myocardial fibrosis. Methods: Male Lewis rats
were infused with saline or AnglI (0.7mg/kg/d) for up to 7d. Collagen deposition and
cellular infiltration were characterized by histological stains. Infiltrating cells were
grown in vitro and processed by flow cytometry and immunostaining. Chemokine
expression was measured using qRT-PCR. Results: Angll infusion resulted in multifocal
myocardial cellular infiltration (peak at 3d) that preceded collagen deposition. Monocyte
chemotactic protein (MCP)-1 transcripts peaked after 1d of Angll exposure. Using a
triple labeling technique, the infiltrating cells were found to express markers of leukocyte
(ED1"), mesenchymal cells (a-smooth muscle actin (SMA)"), and hematopeotic
progenitor cells (CD133") suggesting a fibroblast progenitor phenotype. In vitro,
ED1/SMA"/CD133" cells were isolated and grown from AnglII exposed animals.
Comparatively, few cells were cultured from untreated control hearts and they were
found to be ED1/SMA'/CD133". Conclusions: We provide evidence that myocardial
ECM deposition is preceded by infiltration into the myocardium by cells that express
hematopoietic (ED1, CD133) and mesenchymal (SMA) cell markers, a characteristic
phenotype of fibroblast precursor cells, termed fibrocytes. This suggests that fibrocytes
may have effector functions in the initiation of myocardial fibrosis rather than presumed

leukocytes.
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3.2 Introduction

Myocardial fibrosis is a pathophysiological process characterized by the deposition of
extracellular matrix (ECM) proteins within myocardial tissue and is a common
pathological feature of many cardiovascular diseases including hypertrophy and
hypertension (2). The accumulation of ECM proteins within the myocardium enhances
cardiac stiffness and eventually impairs cardiac function, leading to what is known as
diastolic heart failure (5). Despite intense study, the mechanisms involved in the initiation
and progression of myocardial fibrosis have yet to be fully characterized and is often

suggested to be secondary to a primary inflammatory response (212, 213).

Recent work suggests that Angiotensin II (Angll), a part of the renin-angiotensin system,
may play a key role in the development of myocardial fibrosis (5). This is supported by
clinical evidence that patients with cardiovascular diseases and associated myocardial
fibrosis have increased serum levels of AngllI (5, 20, 21). Inhibition of the renin-
angiotensin system, and more specifically using Angll receptor blockers, has
demonstrated a significant clinical benefit in the prevention of cardiac remodeling
including myocardial fibrosis (11). Using rodent models, in which AnglI is given
exogenously, several groups have demonstrated the development of myocardial
hypertrophy and fibrosis (7, 11, 214). Taken together, this evidence strongly supports a
role for Angll in the development of myocardial fibrosis; however, the direct
mechanisms responsible and the effector cells involved have yet to be completely

elucidated.
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It has previously been described that exposure to Angll, as well as other fibrotic stimuli,
results in rapid cellular infiltration that precedes the development of myocardial fibrosis
(59, 61, 214). This temporal relationship suggests that the cellular component of a
fibrotic response have an effector role in the stimulation of myocardial fibrosis. Until
recently, much of the evidence has suggested that this cellular infiltration was
mononuclear and consistent of cells from the monocyte/macrophage lineage, as
demonstrated by positive immunocytochemical staining for specific molecules present on
myeloid cells, ED1/CD11b (7, 156). Such evidence supported the paradigm that Angll
mediates the development of myocardial fibrosis by promoting the recruitment of

leukocytes (largely macrophages), that could then initiate a fibrotic response (5).

However, the exact phenotype of the initial infiltrating cells has thus far been poorly
defined. We believe that these cells are the first direct responder to increased circulating
levels of Angll and as such, could reasonably be assumed to mediate downstream effects.
In this study, we provide evidence that the early cellular populations recruited to the
myocardium, using a well described model of Angll exposure known to result
myocardial hypertrophy and fibrosis, are not inflammatory leukocytes but are circulating
progenitor cells that express hematopoietic and mesenchymal markers. This information
will offer a broadened understanding of the process of myocardial fibrosis as well as

alternative avenues of intervention.
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3.3 Materials and Methods

3.3.1 Animals

All work was approved by Dalhousie University’s University Committee on Laboratory
Animals following the guideline of the Canadian Council on Animal Care. Male Lewis
rats (Charles River Laboratories, St. Constant, QC) weighing 300-375g were housed in
the Carlton Animal Care Facility, Dalhousie University, and provided food and water ad
libitum. Animals were anesthetized with a ketamine (100mg/kg)/xylazine (Smg/kg)
cocktail and a 1-2cm mid-scapular skin incision was made using aseptic techniques.
Osmotic minipumps (Durect Corporation, Cupertino, CA) containing either saline
(control group, n=24) or AnglI (0.7 mg/kg/d; Sigma-Aldrich Canada Ltd., Oakville, ON,
n=34) dissolved in saline, were placed subcutaneously. The incision was closed using 4-
0 nylon sutures and animals were allowed to recover. Rats were sacrificed 4h, 1d, 2d, 3d,
or 7d following implantation of the minipumps. The hearts were harvested and weighed
to calculate the cardiac mass index (heart:body weight ratio). The heart tissue was

processed for analysis.

3.3.2 Hemodynamic Measurements

Blood pressure was assessed using a non-invasive tail cuff system (Kent Scientific,
Torrington, CT). Animals were subjected to 5 days of measurements prior to the
initiation of the 7d experiment to allow for acclimatization and prevent artificial elevation
of blood pressure. Blood pressures were measured prior to and daily after implantation

of mini-osmotic pumps for a minimum of 5 consecutive readings per animal.
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3.3.3 Cell Isolation and Culture

Hearts from untreated, naive rats (n=4) or rats infused with AnglI for 3d (n=6) were
harvested under sterile conditions and used for cell isolation. Briefly, hearts were
initially mechanically minced and then enzymatically digested in a Collagenase solution
(50pg/mL Collagenase 11, Cedar Lane, Burlington, ON) in Roswell Park Memorial
Institute 1640 (RPMI) media (Gibco, Life Technologies, Burlington ON) at 37°C with
agitation for 45min. The cell isolates were washed twice with complete RPMI (10%
heat-inactivated fetal calf serum, 2mM L-glutamate, 100pg/ml streptomycin and 100U/ml
Penicillin) and then either poured through a 70um pore filter to generate a single cell
suspension for flow cytometry or directly plated on T-75 flasks coated with 0.1% gelatin
for culture. Of the whole homogenate samples, a small but equal proportion of each
sample was plated onto a 0.1% gelatin coated coverslip. Cellular isolates were incubated
at 37°C with 5% CO, for 3d, after which all non-adherent cellular debris was removed
and fresh media was supplied. In all groups, digital images were taken using an inverted
microscope for cell counting. Areas of cell growth were randomly selected (6/flask
containing cells isolated from 1 heart) for cell counts. Cells grown in T-75 flasks were
dissociated from the flask using 0.05% trypsin in serum free RPMI and were prepped for
analysis by flow cytometry. Cells grown on coverslips were fixed in 4%

paraformaldehyde and stored at 4°C until stained.

3.3.4 Flow Cytometry

Cells isolated out of the heart were analyzed by flow cytometry either directly after
isolation from the heart (naive n=2; Angll n=2) or after expansion in culture (naive n=2;

Angll n=4). A single cell suspension was isolated from whole heart homogenate directly
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after isolated. Cells were permeabilized for intracellular staining using
Cytofix/Cytoperm kit (BD Bioscience, San Jose, CA) as per manufacture’s protocol.
Non-specific protein interactions were blocked by incubating the cells with goat IgG.
Cells were incubated with polyclonal rabbit anti-CD133 (Abcam, Cambrdge, MA),
monoclonal mouse anti-CD68 (ED1, AbD Serotec, Oxford, UK), and polyclonal rabbit
anti-Collagen la (Collla; Rockland, Gilbertsville, PA). The cells were incubated with
host specific secondary antibodies conjugated with PerCP, Fitc, and PE respectively.
Positive, isotype, secondary only and negative controls were completed along side
experimental staining for compensation purposes and to control for non-specific binding.
Samples were fixed in a 0.4% Formaldehyde solution and stored at 4°C until analysis.

Samples were analyzed using a FACScalibur Flow Cytometer (BD Bioscience).

Expression of CD133 was assessed in isolated cells cultured for 3d to determine if their
phenotype had changed during culture. Cells were permeabilized and blocked with goat
IgG. Cells were then incubated with anti-CD133 followed by an incubation with a FITC-
conjugated secondary. Isotype, secondary only and negative controls were completed
along side experimental staining. Samples were fixed and stored at 4°C until analysis.

Samples were analyzed using a FACScalibur flow cytometer (BD Bioscience).

3.3.5 Histology

Hearts were fixed in 4% Formaldehyde for 24h and incubated in a series of increasing
percents of ethanols to dehydrate tissues which was followed by an incubation in a
clearing agent, xylene. Hearts were then embedded in paraffin wax and serially sectioned
(5um). Basic myocardial histology and cellular infiltration were examined using heart

cross-sections stained with hematoxylin and eosin (H&E). A blinded observer analyzed
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heart sections for cell and nuclear morphology at a 63x magnification. Light microscopy
was performed using a Zeiss Axiovision 4.6 digital image analysis program (Carl Zeiss,
Toronto, ON). Pictures were captured using an AxioCam HRc camera (Carl Zeiss) and

analyzed in Adobe Photoshop 5.0.

3.3.6 Collagen Deposition

Collagen staining was accomplished using Sirius red and quantified as previously
described (214). Picrosirius red staining is a well-described histochemical stain for
fibrillar Type I and Type III collagen which are believed to be the main types of collagen
seen with myocardial fibrosis (60). Briefly, slides were examined under a microscope
with the 10X objective and areas of collagen deposition were captured with a digital
camera. The image analysis software was used to quantify the amount of tissue positive
for Sirius red. Images from areas containing the most collagen staining were taken from
a cross-section from individual hearts, with a minimum of 4 animals/experimental group,
at a 10x magnification. Images were analyzed for collagen content to compare areas of
fibrosis between different experimental groups. Percent collagen content calculated then

averaged and experimental groups compared to control animals.

3.3.7 Immunohistochemistry

Immunohistochemistry was performed to assess the phenotypes of infiltrating cells.
Briefly, slides were processed in a standard fashion as previously described (214).
Sections were incubated with a relevant primary antibody against CD68 (ED1, AbD
Serotec), a-smooth muscle actin (SMA; 1A4, Sigma-Aldrich Canada Ltd.), or CD133

(Abcam), and was developed using the LSAB technique, as per manufacturer’s protocol
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(DakoCytomation, Burlington, ON). Light microscopy was performed using a Zeiss
Axiovision 4.6 digital image analysis program (Carl Zeiss). Pictures were captured using
an AxioCam HRc camera (Carl Zeiss) and analyzed in Adobe Photoshop 5.0. Among the
images analyzed, one image of maximal ED1" myocardial infiltration from a minimum of
4 animals/experimental group captured at 25x were used for quantification. A blinded
observer counted ED+ cells and the resulting tallies were averaged and experimental

groups were compared to control groups.

3.3.8 Immunofluorescence

Triple labeling, using a combination of immunofluorescent probes and
immunohistochemistry was performed to identify cells expressing multiple cell markers
in paraffin-embedded heart samples. Briefly, slides were processed in a standard fashion
as previously described (214). Tissues were incubated with anti-CD133 (AbCam) and
developed using the LSAB technique (DakoCytomation). The tissues were then
incubated with primary antibodies of anti-CD68 (ED1, AbD Serotec) and anti-SMA
(C04018, Biocare Medical, Concord, CA) followed by host specific secondary antibodies
conjugated with Alexa488 and Cy3 respectively. Images were taken of AxioCam HRc
campera (Carl Zeiss) using light microscopy to visualize the CD133 and fluorescent
microscopy at the 488 and 535 wavelengths to assess fluorescent staining. The
micrograph of the CD133 staining was analyzed using Adobe Photoshop 5.0 and the
positive brown staining was selected and a colored mask representing the positive cells
was generated. The two fluorescent images and the colored mask were overlaid to assess

co-localization.
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Isolated cells that were paraformaldehyde fixed on coverslips were stained using an
altered protocol from those described above. Antigen retrieval was not required for
formaldehyde fixed samples. Non-specific protein binding was blocked by incubating
the tissues with a 10% normal goat serum. Samples were then incubated with the
primary antibodies anti-CD68 (ED1, AbD Serotec), anti-CD133 (Abcam) and anti-SMA
(Biocare Medical), which were followed by an incubation with host specific secondary
antibodies conjugated with Alexa488 Cy3 and Cy5 respectively. Lastly, tissues were
incubated with Hoescht (Invitrogen, Burlington, ON). Tissues were thoroughly washed
and wet mounted. Fluorescent microscopy was preformed using an AxioCam HRc
camera (Carl Zeiss). Pictures were taken at the 488 and 535, 650 and 350 wavelengths

and resulting images were overlaid. Images were analyzed in Adobe Photoshop 5.0.

3.3.9 Relative Quantitative RT-PCR (qRT-PCR)

We used relative quantitative RT-PCR to analyze mRNA transcript levels within
myocardial tissue as we previously described (215). Briefly, using the TRIzol reagent
(Invitrogen, Burlington, ON), RNA was isolated from snap frozen heart tissue, as per
manufacturer’s protocol. Isolated total RNA (2pug) was used to synthesize cDNA using
oligo(dT)20 in SuperScript III First Strand Synthesis SuperMix kit (Invitrogen) as per the
manufacturer’s protocols. 25ng of input cDNA with 0.5uM of each of the forward and
reverse primers for MCP-1 or reference gene and 1x iQ SYBR Green Supermix (Bio-Rad
Laboratories, Mississauga, ON) was subjected to qPCR using iQ Multicolour Real-Time
PCR Detection System thermocycler (Bio-Rad). Standard curves, for efficiency, and no-
template control samples were run along with the samples during thermocycling. A

melting curve was performed after thermocycling was complete to ensure target

65



specificity. Expression and normalization of the target gene, MCP-1, were calculated
relative to the three housekeeping genes (Tubla, LDHb, HPRT) using qBase v.1.3.5, as
described previously (216). The primers used were designed against the mRNA sequence

of specified genes using Primer3 (version 0.4.0, Table 3.1).

3.3.10 Statistical Methods

Data are reported as mean = SEM. Continuous variables were analyzed with GraphPad
Prism (La Jolla, CA) by comparing each experimental group to a control group using an
unpaired two-tailed t-test. Upregulation of MCP-1 mRNA by qRT-PCR was compared
to baseline gene expression and analyzed by a one-sample t-test. Statistical significance

was defined as a p <0.05.

3.4 Results

3.4.1 Hemodynamic Measurements

The blood pressures of both Angll (n=4) and saline (n=2) infused animals were measured
over the 7d infusion period (Fig. 3.1). An elevation of blood pressure was evident as
early as 1 day of Angll infusion, compared to saline controls. Blood pressure levels
remained elevated in Angll infused animals over the 7 days of infusion, supporting AnglI

infusion as a model of hypertension.

3.4.2 Myocardial Collagen Deposition

Angll infusion is an established model of myocardial hypertrophy and fibrosis (11).
Using this model, AnglI exposure (7d) resulted in significant myocardial hypertrophy

(heart weight:body weight) when compared to saline control (p<0.05; Table 3.2). Sirius
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red staining of the myocardium of Angll infused rats revealed multi-focal areas of
extensive collagen deposition throughout the ventricles of the heart (Fig. 3.2, S3.1).
Saline infused rats showed limited, background levels of collagen content within the
interstitium. Quantification of collagen deposition by digital image analysis confirmed a
significant increase in collagen content in areas of the hearts from 3d and 7d Angll

infused animals as compared to control animals (p<0.05, Fig. 3.2, S3.1).

3.4.3 Myocardial Histology

Infusion of Angll is also known to be associated with cellular and structural changes as
well. Hearts from saline control animals demonstrated normal myocardial morphology
(Fig. 3.3). In contrast, heart tissue from Angll exposed animals exhibited multi-focal
areas of cellular infiltration, cardiomyocyte loss, and extensive extracellular matrix
deposition. These changes could be seen throughout the left and right ventricles and
were evident in both perivascular and interstitial tissues. The prominent feature of these
changes were dense areas of cellular infiltration that could be seen as early as 1d

following the onset of Angll infusion and progressed over the 7 days (Fig. 3.3).

To investigate factors in the environmental milieu that may be recruiting the infiltrating
cells we used relative QRT-PCR to assess the transcript levels of chemotactic factors.
Specifically we assessed the transcript levels of MCP-1, a chemotactic cytokine for
monocytes/macrophages and some progenitor cell types. Myocardial expression of
MCP-1 mRNA was quantified following 4h, 1d, 2d and 3d of AnglI infusion (Fig. 3.3).

There was a significant increase in MCP-1 mRNA expression compared to the baseline
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expression of the three normalized housekeeping genes in the myocardium of animals
exposed to Angll for 1d, 2d and 3d (p < 0.05). Furthermore, peak expression of MCP-1
mRNA occurred following 1d of Angll infusion with an increase of approximately 20

fold above the baseline expression of the housekeeping genes.

3.4.4 Myocardial Infiltrating Cells

We next characterized the phenotypes of the infiltrating cells by assessing cell
morphology and cell specific marker expression. The infiltrating cells were mononuclear
in nature with no evident polymorphonuclear (PMN) cells at any time point from 1-7d.
Immunohistochemical staining for cell specific markers was used to characterize the
infiltrating cell types within the myocardium. A portion, approximately 50%-75%, of the
cellular infiltrate at 3d and 7d were positive for a monocyte/macrophage marker, ED1
(Fig. 3.4). Quantification confirmed an increase of ED1" cells at day 1, 3 and 7 in AnglI
infused animals with peak infiltration seen at 3d (p<0.01, Fig. 3.4). Additionally,
infiltrating cells at 3d and 7d were largely positive for a myofibroblast marker, SMA
(Fig. 3.4); however, due to the diffuse nature of SMA staining, quantification of SMA"
cells was not performed. Similarly, we investigated the presence of a progenitor cell
population within the myocardium of AngllI stimulated animals by staining for a
hematopoietic progenitor cell marker, CD133. No CD133 positive staining cells were
evident in saline control animals (Fig. 3.4). In Angll infused animals, the infiltrating cell
population at 3d and 7d appeared largely positive for CD133 suggesting that the

infiltrating cells potentially express all three markers.
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A correlation between the areas staining positive for ED1, SMA and CD133 suggested
that many infiltrating cells might be co-expressing these markers. We used triple
immuno-labeling to characterize cell expression of ED1, SMA and CD133. We found
that, in the myocardium of AnglI infused animals, that a significant population of ED1"
cells were also positive for SMA and CD133 (triple positive) (Fig. 3.5). No double or
triple labeling was apparent in the myocardium of saline control animals (data not
shown). The expression of both hematopoetic (ED1, CD133) and mesenchymal (SMA)
markers is not a generally accepted phenotype of mature macrophages though is a
phenotype found in a specific mesenchymal progenitor cell type originating from a

circulating CD14" population (11, 200, 217).

3.4.5 In Vitro Culture and Characterization of Infiltrating Cells

Infiltrating cells were isolated from the myocardium of 3d AnglI infused rats and
evaluated by FACS analysis for expression of ED1, SMA and CD133. Using this
approach cells isolated from Angll exposed animals had a large of population of cells that

were ED17/SMA/CD133" (>4 fold) when compared to saline control animals (Fig. 3.6).

We then proceeded to culture isolated cells in vitro to confirm the phenotype of these
cells. After 3 days of culturing heart homogenates, an adherent spindle shaped cellular
population was evident in cultures from the myocardium of AnglI treated animals when
compared to the few cells obtained from the myocardiums of untreated animals (Fig. 3.7).
When quantified, 136 + 22 cells per high powered view (hpv) could be identified in
cultures from Angll exposed animals compared to 2 + 1 cells per hpv in cultures from
untreated, naive animals (p<0.01, Fig. 3.7). Triple label immunofluorescence was used

and confirmed that cultured cells from Angll exposed animals were positive for ED1,
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SMA and CD133 (Fig. 3.7). In contrast, cells seen in cultures from naive animals were
only SMA" (Fig. 3.7). CD133 expression was assessed by flow cytometry and suggested
that 63% + 5% of cells seen in cultures from Angll exposed animals were positive (Fig.
3.7). Taken together, this data supports our in vivo findings that infiltrating cells are

largely of a mesenchymal progenitor cell population referred to as fibrocytes.

3.5 Discussion

Despite the fact that Angll infusion in rodents is a well-established model to study
hypertension, hypertrophy and fibrosis, there is limited evidence regarding the exact cell
types responsible for the fibrotic response. Previous work has suggested that an increase
in circulating Angll initiates an inflammatory response within the myocardium that
recruits leukocytes. These inflammatory cells are thought to be activated and produce
pro-fibrotic factors (5). Support for this theory includes the identification of mononuclear
cells within the infiltrating cell population, some of which stain positive for ED1 and
CDI11b, which are indicative of a monocyte/macrophage cell type (7, 156). However,
cell phenotypes are dynamic and cells can alter their molecular expression to respond
appropriately to stimuli in their environmental milieu. For example, circulating myeloid
precursor cells express specific markers of monocytes/macrophages, but are a
phenotypically heterogeneous population and can differentiate into non-immune cell
types when presented with the appropriate stimuli (9, 10). Previously, it has been
assumed that, due to ED1/CD11b positive cellular staining, macrophages are the cell type
predominantly recruited early during Angll induced myocardial fibrosis (7). However,
these cells have not been shown to be mature macrophages and therefore could be an

early myeloid precursor cell type. In fact, we have shown that the number of ED1" cells
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peaks at 3d of Angll infusion, while cellular infiltration is still largely evident after 7d
infusion. Furthermore, we have provided evidence that the majority of ED1" cells are
also positive for SMA, which is not an accepted phenotype of mature macrophages. A
cell population that is ED1"'SMA" is indicative of a progenitor cell type and, in fact, we
found that many of the infiltrating cells expressed the hematopoietic progenitor cell
marker CD133. This evidence would suggest that a mesenchymal progenitor cell type
are the primary responders to potent fibrotic stimuli and potentially initiate the fibrotic

response within the myocardium.

We interpret these findings to suggest that infusion of exogenous Angll stimulates the
recruitment of a fibroblast precursor cell type, called fibrocytes, within the myocardium.
Fibrocytes are thought to be derived from an early monocyte precursor lineage and, as
such, express myeloid markers supporting findings by others that have identified cells
populations expressing markers of monocytes/macrophages (200). The important
phenotypic distinction is that fibrocytes are characterized by the co-expression of
hematopoietic markers (CD133/CD34), leukocyte markers (ED1/CD11b) and
mesenchymal markers (SMA/Col-1a) (208, 217). Expression levels of these markers
vary depending on the level of differentiation from early progenitor cells to late
myofibroblast cells, which could potentially explain why we found less ED1" cells at 7d
Angll infusion (208). This may also explain why only 63 & 5% of isolated cells were
positive for CD133. Work from our group has recently described the early migration of

CD133"/SMA" fibroblast progenitor cells in mice myocardium after AngII exposure,
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supporting our findings (214). However, the present manuscript is the first to describe

the migration of fibrocytes in rat myocardium.

Fibrocytes are thought to be recruited out of the circulation by gradients of SDF-
1o/CXCL12, CCL21 and, importantly, MCP-1/CCL2 (85, 196, 201, 218). This is of
significance because we found an increase in transcript levels of MCP-1 within the
myocardium, as early as 4h of Angll infusion, which could act as a possible mechanism
for recruiting fibrocytes into the myocardium. Supporting our findings, recent work by
Haudek et al. using MCP-1 KO animals was able to show that MCP-1 was responsible
for the recruitment of CD34"/CD45" fibroblast precursor cells to the myocardium in
response to Angll (24). Furthermore, inhibition of migration of these cells resulted in a
reduction in the development of fibrosis confirming that fibrocytes likely play an effector
role in the development of fibrosis (24). Though we did not identify the cellular origin of
the MCP-1, others have found that local endothelial cells, vascular smooth muscle cells,
fibroblasts and myocytes can produce MCP-1 in response to a variety of stimuli, possibly
including the increase in circulating Angll and/or an increase in hemodynamic pressure
evident in this model (90). While fibrocytes have been implicated as an effector cell in
several models of tissue fibrosis, including after Angll exposure, this has not been well

established in models of myocardial fibrosis (24, 60, 214, 219, 220).

We are proposing that fibrocytes, a progenitor cell type, are a key effector cell in the

initiation of Angll induced myocardial fibrosis. We are not suggesting that inflammatory
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cells play no role in this process. However, given that fibrocytes have the capacity to
produce pro-inflammatory mediators as well as contribute to fibrosis by producing
collagen and fibronectin, we suggest that fibrocytes may act as a bridging cell type from
an early inflammatory response to a corresponding fibrotic response later (220-222). Our
findings, in addition to recent work from others, are providing a body of evidence in
which bone marrow derived progenitor cells (fibrocytes) may represent a significant
source of cells capable to migrate into tissues and differentiate into myofibroblasts (24,
60, 88, 214). Our findings also suggest that local activation of resident fibroblasts may
not be the primary source of cells responsible for the development of fibrosis after Angll
exposure and open the way for potential therapeutic modalities able to limit the
recruitment of fibrocytes. In the present study, our findings demonstrate that the majority
of the infiltrating cells expressed ED1/SMA" and CD133", suggesting that the majority
were bone marrow in origin. Clearly, future work that will characterize the regulation of
fibrocyte recruitment may allow us to intervene pharmacologically and inhibit this
recruitment to the myocardium and potentially prevent excessive myocardial fibrosis

associated with many cardiovascular conditions.
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Table 3.1: Primer Sequence of the Target Genes

Gene Symbol Forward Primer Reverse Primer Base Pairs

MCP-1 atctgtgctgaccccaataagg gtggttgtggaaaagagagtgg 196
Tub1a aaccatgcgtgagtgtatctcc  aactgtgggttccaggtctacg 226
HPRT aaaggacctctcgaagtgttgg  ctttactggccacatcaacagg 213

LDHb gtcatcaaccagaagctgaagg agggaagaagcaaactgtgacc 194

Forward and reverse primers (5’ - 3’ orientation) for the specific genes have a

product length of the corresponding base pairs
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Table 3.2: Hypertrophic Assessment

Saline

3d Angli

7d Angll

Heart Weight:Body
27+0.1
Weight Ratio (mg/g)

3.0+01

3.2+0.2"

*p<0.05 when compared to saline control
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Figure 3.1 Mean Arterial Pressure

Mean arterial pressure measurements from animals infused with AngllI (triangle) and

saline (square) over a 7d period.
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Figure 3.2 Sirius Red Stain for Collagen

To evaluate collagen deposition in the experimental groups heart sections were stained
with Sirius red and fast green. Representative sections are shown from control animals
(A) and 7d Angll exposed animals (B). Collagen in most afflicted areas of the heart
sections was quantified using image analysis software (C), *p<0.05. Images were

captured at 10X.
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Figure 3.3 Cellular Infiltration

Hearts stained with H&E from control animals receiving saline (A), Angll for 1d (B),
Angll for 3d (C) or Angll for 7d (D). Angll infused animals revealed areas of marked
cellular accumulation, cardiomyocyte loss and replacement by extracellular matrix.
Images were captured at 25X. qRT-PCR was used to assess myocardial expression of
MCP-1 transcript levels relative to 3 housekeeping genes (E). Relative expression of
MCP-1 mRNA was significantly increased in Angll infused animals 1d, 2d, and 3d,

*p<0.05.
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Figure 3.4 Immunohistochemistry Staining

Immunohistochemistry for ED1 (A, D, G), SMA (B, E, H), and CD133 (C, F, I) was used
to identify the cellular infiltrate in heart sections. Representative sections from control
animals receiving saline (A, B, C), Angll for 3d (D, E, F) and AnglI for 7d (G, H, 1) are
shown. EDI1" cellular infiltration was quantified by counting 3 fields (HPF), n=4 per

group, *p<0.01. Images were captured at 63X.
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Triple

Figure 3.5 Triple Labeling for ED1, SMA and CD133 In Vivo

immunofluorescent labeling for ED1 (green; A) and SMA (red; B) followed by
immunohistochemistry for CD133 (brown; C). Triple labeling of cells is indicated in the
composite image of the three stains where a representative coloured mask (purple) of
CD133 positivity was generated and overlaid the dual staining image of ED1 and SMA.
Triple positive cells are indicated by a white overlay coloring (arrows). Images were

captures at 63X.
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Figure 3.6 Isolation of Infiltrating Cells

A single cell suspension of cells directly isolated out of naive and Angll exposed hearts
were labeled for flow cytometry for ED1, Coll-1a and CD133. Representative 3-axis dot
plot of flow cytometry data from naive (A) and AnglI (B) exposed animals are shown
with ED-1 expression on the x axis, CD133 expression on the y axis and Collla
expression on the z axis. Triple positive cells are displayed in red. Percent positive triple

labeled cells normalized to naive controls was determined (D).
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Figure 3.7 In Vitro Culture of Infiltrating Cells

Infiltrating cells were cultured from whole heart homogenates form naive, untreated and
3d Angll infused mice. Photomicrographs were taken of adherent cell populations
isolated from naive (A) and 3d Angll exposed (B) animals using differential interference
contrast (DIC) microscopy (10x). Cell counting (6 high power fields of view (HPV) per
plate) was used to quantify the number of adherent cells between the two groups (C).
Triple labeling immunofluorescence was used to demonstrate co-localization of ED1
(green), SMA (red), and CD133 (purple) along with Hoeschst (blue) as a nuclear stain.
Images were overlaid to show co-localization of markers in cells from untreated (D) and
Angll exposed (E) myocardiums (40x). A representative histogram of the CD133
expression (red) compared to the negative control (grey) determined by flow cytometry

(F). *p<0.05.
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Figure S3.1 Whole Heart Analysis of Collagen Content

Hearts from 7d Angll animals (n=4) and saline control animals (n=2) were dissected into
5 sections as illustrated (A) and processed for histological examination. Sum sections
were cut from 2 depths of each section isolated and were stained with Sirius red to assess
collagen content. Images were captured at 2.5x magnification and compiled into 1 cross
section image that was digitally analyzed to quantitate collagen content from each portion
of the heart (B). Areas of collagen deposition are evident throughout the entire ventricles

of Angll infused animals after 7d (C).
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CHAPTER 4
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4.1 Abstract

Introduction: Fibroblast progenitor cells (fibrocytes) are believed to be important to the
development of myocardial fibrosis (MF) and suggested to migrate to the heart via the
chemokines CXCL12 and CCL2. Objective: If CXCL12 and CCL2 are necessary for
fibrocyte migration, disrupting their chemotactic pathways in a model of MF will reduce
fibrocyte infiltration in the heart and subsequently reduce fibrosis. Methods: C57/B16 and
CCR2"" mice were treated with saline, AnglI, or AngII plus the CXCR4 antagonist
AMD3100 via osmotic mini-pump. Tissues were analyzed for cellular infiltrate and
collagen deposition. Results: Angll exposure resulted in cellular infiltration in the
myocardium. Unexpectedly, Angll+AMD3100 exposure led to approximately 2.5-fold
increase in cellular infiltrate and 2.4-fold increase in collagen deposition compared to
AnglI alone. Furthermore, the majority of infiltrating cells were fibrocytes. This effect
appeared to be due to CXCR4 antagonism mobilizing progenitor cells into circulation.
CCR2™" mice also failed to demonstrate a reduction in infiltrate and fibrosis at 3d
compared to WT mice. CCR2”" mice did, however, demonstrate significant reductions in
infiltrate and fibrosis in the myocardium relative to WT mice at 28d. Conclusions:
CXCLI12 and CCL2 do not have prominent roles in fibrocyte recruitment in AnglI-
mediated MF, as previously thought. Furthermore, the inability to show reductions in
infiltrate and fibrosis in CCR2”" mice at 3d suggests that the reductions observed at 28d
are via an alternative mechanism to chemotaxis. The roles of these cytokines have yet to

be fully characterized in the development of MF and require further investigation.
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4.2 Introduction

Stem cell therapies for cardiovascular disease are suggested to have the potential to repair
injured tissue and return lost function to the heart (223). Unfortunately, there remains
little evidence of improved clinical outcomes from these therapies (224-226). This is
believed to be due to our inability to ensure that stem cells differentiate into the desired
cell type, which for the heart is a cardiomyocyte (224). Recently, we and others have
identified a subset of stem cells, termed fibrocytes, which could be detrimental in
regenerative therapies (214, 227, 228). Fibrocytes differentiate into myofibroblasts and
produce extracellular matrix proteins, thus contributing to myocardial fibrosis rather than
myocardial regeneration (24, 60, 214, 229). As such, mechanisms that favour fibrocyte
migration may explain some of the difficulties investigators have experienced with stem
cell therapies to date. Interrupting fibrocyte migration has been suggested as a potential

therapeutic target for reducing myocardial fibrosis (24, 229-231).

There is a body of evidence demonstrating that the CXCL12-CXCR4 or CCL2-CCR2
axes are involved in the development of fibrosis, the exact mechanism by which they are
involved remains unclear. There is evidence to suggest that fibrocytes migrate from the
bone marrow into tissue through a chemotactic gradient of the chemokine CXCL12 (also
known as stromal-derived factor-1) (230, 231). Myocardial CXCL12 has been shown to
be upregulated in response to a variety of cardiac insults (219, 232-234). The expression
of the primary CXCL12 receptor, CXCR4, on fibrocytes gives credence to a link between
CXCL12 production and fibrocyte recruitment to the heart (196, 230, 231). The fact that

a CXCR4 antagonist in models of pulmonary fibrosis inhibits fibrocyte recruitment and
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decreases fibrosis, suggests that CXCL12 may be the key chemokine involved in

fibrocyte recruitment to the myocardium (231).

Alternatively, the chemokine CCL2 (also known as monocyte chemotactic protein-1) has
also been suggested as the key chemokine involved in organ fibrosis (24, 201, 229, 235-
237). Kidney, lung, and liver models using knockouts for the CCL2 receptor, CCR2,
show marked reductions in fibrosis compared to wild type mice (235, 237, 238). Xu et
al., using a model of Angll-mediated myocardial fibrosis, demonstrated reduced cellular
infiltrate to the heart and provided suggestive evidence that these cells were of a fibrocyte

phenotype (229).

As both chemokines appear to have prominent roles in fibrocyte recruitment, our aim was
to investigate whether we could manipulate the CXCL12-CXCR4 and CCL2-CCR2 axes
to decrease fibrocyte recruitment in the early development of myocardial fibrosis. Using
the CXCR4 antagonist AMD3100 in combination with CCR2”" mice, we examined the

dual inhibition of these two chemotactic pathways in a model of myocardial fibrosis.
4.3 Materials and Methods

4.3.1 Animals

Animal work was in accordance with the Canadian Council on Animal Care and
approved by the Dalhousie University Committee on Laboratory Animals. Male C57BL/6
mice (8-10wk old) were purchased from Jackson Laboratory (Bar Harbour, ME, USA)

and housed in the Carleton Animal Care Facility at Dalhousie University. CCR2
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knockout mice on a C57BL/6 background were provided by Thomas Issekutz from a
routinely genotyped colony. Mice were provided food and water ad libitum for 1wk prior

to experimentation.

4.3.2 Saline/Angll/AMD3100 Infusion

Animals were anaesthetised with isoflurane (Baxter Healthcare, New Providence, NJ,
USA) in oxygen delivered by a Fortec vaporizer. Upon reaching surgical levels of
anaesthesia, a 1 cm mid-scapular incision was made and a mini-osmotic pump (Alzet,
Palo Alto, CA, USA) was inserted subcutaneously. The incision was closed with 7 mm
wound clips. Animals were randomly assigned treatments of vehicle control (saline),
Angll (2.8 mg/kg/d; Sigma Aldrich, Oakville, ON, Canada), AMD3100 (11.4mg/kg/d,;
Tocris Bioscience, Ellisville, MO, USA), or Angll + AMD3100. The pumps remained in
for 6hr, 12hr, 1d, 3d or 28d, during which, the animals were provided food and water ad
libitum and observed for morbidity. In the time comparison groups, Angll (2.1 mg/kg/d)
was infused for 3 or 28d. Animals were weighed and blood pressure measurements were
taken using the Coda2 non-invasive tail cuff system (Kent Scientific, Torrington, CT,

USA) for minimum of five measurements per animal.

4.3.3 Tissue Harvest

Experimental hearts were harvested and weighed. Cardiac mass index was calculated as
heart:body weight ratio, as previously described (214). The base portion was processed
for histology and the rest of the heart was vertically bisected and snap frozen for

molecular analysis. Due to overlapping experimental groups previously published, some
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historical samples from Angll and saline infused animals were used for this study to

compare to new experimental groups (214, 227).

4.3.4 Cell Isolation

Naive blood was collected via cardiac puncture with heparinized-saline infusion and
leukocytes were subsequently isolated for cell migration and cell culture. In brief,
approximately 1mL of blood was collected per animal and diluted to 10mL with
heparinized saline. The diluted blood was then centrifuged at 1847g for 10min at room
temperature (RT) with low break. The buffy coat was transferred to a conical tube
containing SmL of ammonium chloride (ACK) lysis buffer, mixed thoroughly, and
incubated at RT for Smin. ACK was neutralized by washing the cells with 10mL of cold
DPBS (Gibco Life Technologies, Burlington, ON, Canada). Cells were centrifuged at
400g for Smin at 4°C and resuspended in complete RPMI (10% heat-inactivated fetal
bovine serum, 2mM L-glutamate, 100 pg/ml streptomycin and 100 U/mL penicillin).
Cells were then either used for migration studies or grown in flasks containing complete
RPMI for 3d, prior to being lifted from the flasks using trypsin. Cultured cells were

subsequently used for flow cytometry.

4.3.5 Cell Migration

Cell migration studies were conducted as previously described with modification (105).
In brief, we used a modified Boyden chamber system with transwell migration inserts in
24-well plates (polycarbonate, 8 pm pore-size, Corning Life Sciences, PA). Chemokines

were diluted to 100ng/ml in serum-free RPMI supplemented with 1% bovine serum
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albumin (BSA) (91, 105). Following 2hrs of incubation at 37°C, cells were harvested for

CD133 flow cytometry, as described below.

4.3.6 Flow Cytometry

Cultured fibrocytes were resuspended in Cytofix/Cytoperm (BD, Mississauga, ON,
Canada) at the recommended dilution and incubated for 30min. Following washes with
the Cytofix/Cytoperm wash (BD), F. block (Miltenyi Biotec, Auburn, CA, USA) was
added at the recommended dilution. Cells were incubated for 10min, after which
conjugated antibodies for CD133 (FITC; Millipore, Billerica, MA, USA), CCR2 (PE;
R&D Systems, Minneapolis, MN, USA), Vimentin (PerCP; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and CXCR4 (APC; R&D) were added and incubated for 30min.
Single label treatments were used for compensation. Matching isotype antibodies (Santa
Cruz) served as controls. All incubations were carried out at 4°C. Data was acquired by
four-colour flow cytometry using a BD FacsCalibur flow cytometer. Flow cytometry

results were analyzed using WinList (Verity Software, Topsham, ME, USA).

4.3.7 Histologic Analysis
4.3.7.1 Paraffin

Hearts were processed in 10% buffered formalin for 24hr and paraffin-embedded. Serial-
sections (S5um) were stained for histological and immunohistological analysis. Basic
myocardial histology and cellular infiltrate were assessed using heart sections stained
with hematoxylin and eosin (H&E). The area of the heart affected was calculated as

previously described (214).
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Fibrotic deposition was examined using heart sections stained with Sirius Red (SR) and
the counter stain Fast Green (FG). Collagen content was semi-quantified by
photographing representative SR/FG whole heart-sections at 5x magnification. Using
Adobe Photoshop CS5, red pixels were positively selected and summed for a total
number of red (collagen) pixels. Subsequently, non-background pixels were summed for
a total number of heart pixels. The total collagen pixels were divided by the total heart
pixels to provide a semi-quantitative measurement of the percent collagen content in the
heart. All tissues were processed simultaneously for SR/FG and the same red colour

palette was used to select red pixels.

Immunohistochemistry for smooth muscle cell actin (SMA; Sigma Aldrich), CD133
(Abcam, Cambridge, MA, USA), and KI-67 (DakoCytomation, Mississauga, ON,
Canada) were performed on paraffin-embedded sections, which required antigen retrieval
prior to staining. Briefly, endogenous peroxidases were quenched with 3% hydrogen
peroxide, endogenous biotin was blocked with DAKO Biotin Blocking System
(DakoCytomation), and non-specific staining was blocked with normal serum from the
secondary antibody host. Sections were incubated with primary antibodies overnight at
4°C, followed by a specific biotin-conjugated secondary antibody. Secondary antibodies
were conjugated to an avidin-biotin complex (Vecstatin ABC kit; Vector, Burlington,

ON, Canada) and developed with 3,3” diaminobenzidine (DAB, DakoCytomation).

The proliferation index was calculated as the number of KI67" cells over the total number

of infiltrating cells in a representative Sum section of myocardium.
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4.3.7.2 Frozen

Anesthetised mice were perfused with saline followed by 4% paraformaldehyde (PFA).
The hearts were extracted and placed in 4% PFA overnight. The hearts were transferred
to 30% sucrose and 10um sections were cut on a cryostat for immunofluorescence.
Immunofluorescence for CD45 (BD Biosciences, San Jose, CA, USA) and SMA was
performed on frozen heart sections. In brief, sections were blocked with 10% serum from
the secondary antibody host. Sections were then incubated with primary antibodies (same
as above) overnight at 4°C. Following washes, sections were incubated with Cy2- and
Cy3-conjugated secondary antibodies. Nuclei were stained with Hoechst. Slides were
visualized using a Zeiss Axioplan II and photographed with an AxioCam HRC Colour

Camera.

4.3.8 Relative Quantitative Polymerase Chain Reaction (qPCR)

RNA isolation, cDNA generation, and qPCR were performed as previously described
(228). Primers were designed against mRNA sequences of CXCL12 (forward: 5’-
ATTCGATCAGAGCCCATAGAG-3’; reverse: 5°-
GTAGAATGGAGCCAGACCATCC-3’) and CCL2 (forward: 5’-
CCAGCCAACCACTGAAGC-3’; reverse: 5’-AGCTCTCCAGCCTACTCATTGG-3).
Expression was normalization to the 18S (forward: 5°-
TCAACTTTCGATGGTAGTCGCCGT-3’; reverse: 5°-

TCCTTGGATGTGGTAGCCGTTTCT-3’) ribosomal gene using the Pfaffl method.
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4.3.9 Statistics

Results are expressed as mean + SEM. Multiple group comparisons were performed by
one-way analysis of variance (ANOVA) followed by Bonferroni post-test for comparing
means. One-sample t-tests were used for relative comparisons between experimental

groups and standardized controls.

4.4 Results

4.4.1 Angll Exposure Increases Myocardial Transcription of CXCL12

Previous work in our laboratory using a well-established model of hypertension and
hypertrophy with AnglIl infusion has demonstrated that fibrocyte infiltration in the heart
precedes the development of myocardial fibrosis (214, 227, 228). Fibrocyte infiltration
has been suggested to be in response to CXCL12 (196, 214, 230, 231). Using the AnglII-
mediated myocardial fibrosis model, we tested this hypothesis. qRT-PCR was used to
detect changes in CXCL12 transcript in the myocardium. By 1d of AngllI infusion,
CXCL12 mRNA expression was significantly upregulated to 4.60 + 0.39 fold greater
than control (p<0.01) (Fig. 4.1a). The increase in CXCL12 transcript corresponds to the

increased fibrocyte infiltration by 1d that we have previously described (214).

Migration to CXCL12 is dependent on the interaction with its receptor, CXCR4 (239). To
confirm that fibrocytes could respond to CXCL12, we first had to confirm that they
expressed CXCR4. Circulating blood PBMCs were cultured for 3d to obtain enriched
fibrocytes as previously described (214). Cultured cells were labelled for a progenitor

marker (CD133) and a mesenchymal marker (collagen-1) to confirm the fibrocyte
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phenotype (co-expression), as well as being labelled for CXCR4. Nuclei are labelled blue
(Hoechst). A representative photomicrograph is shown in Figure 4.1b with collagen
fluorescing green, CD133 fluorescing orange, and CXCR4 fluorescing pink. The
colocalization of these markers appears red, confirming that fibrocytes taken from the

circulation and purified in-vitro can express CXCR4.

4.4.2 CXCR4 Antagonism with Angll Exposure Increases Cellular Infiltration in
the Myocardium

As we have shown previously, Angll infusion resulted in significantly increased
myocardial cellular infiltrate (Fig. 4.2b), which was absent in saline controls (Fig 4.2a).
Using a previously described grid counting technique to quantify cellular infiltration, we
observed that 29.99 + 4.01 % of the myocardium was affected by cellular infiltrate in
representative sections following Angll infusion (Fig. 4.21). Unexpectedly, blocking the
CXCL12-CXCR4 axis with AMD3100 led to an increase in cellular infiltration when
compared to all other experimental groups (Fig 4.2¢). Quantitatively, animals that
received AnglI+AMD3100 had 75.09 £+ 2.90 % of the myocardium in representative
sections being affected by cellular infiltrate (Fig. 4.21) — a significant 3 fold increase in

percentage of grids affected in the myocardium relative to Angll alone (p<0.01).

Consistent with what has previously been shown, AMD3100 infusion alone was

insufficient to recruit cells to the myocardium (Fig. 4.2d) (240).
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4.4.3 Increased Cellular Infiltration is Associated with Increased Fibrosis in the
Myocardium

Fibrocytes are suspected of contributing to the deposition of extracellular matrix and as
such, inhibiting their recruitment has been shown to reduce fibrosis (24, 229-231). In our
model, we have demonstrated that Angll infusion leads to fibrocyte infiltration in the
myocardium and that the simultaneous infusion of Angll and AMD3100 further increases

this cellular infiltrate.

We semi-quantified the collagen in the myocardium after Sirius Red staining and found
that in saline control animals, the myocardium was comprised of 2.11 £+ 1.25% collagen
in representative sections (Fig. 4.2¢, j). Following Angll infusion, collagen content in the
myocardium increased to 11.50 £+ 1.12% of representative sections (Fig. 4.2f, j).
Consistent with the increase in infiltrating cells, simultaneous infusion of AnglI and
AMD3100 appeared to increase collagen content in the myocardium compared to both
control and AnglI infusion (Fig. 4.2g) (p<0.01). When we semi-quantified collagen
content following Angll and AMD3100 infusion, on average collagen constituted 28.05 +
2.83% of the myocardium in representative sections (Fig. 4.2j), while AMD3100 infusion

alone did not lead to significant changes in collagen content (Fig. 4.2h, j).

4.4.4 Infiltrating Cells are Phenotypical of Fibrocytes

Frozen myocardial tissue from animals infused with Angll and Angll + AMD3100 were
stained for the pan-leukocyte marker CD45 and the mesenchymal marker SMA.
Colocalization of these two markers is a phenotype characteristic of fibrocytes (196, 241).

A representative photomicrograph from an Angll + AMD3100 heart is shown in Figure
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4.4 with CDA45 fluorescing green (Fig. 4.3a) and SMA fluorescing red (Fig. 4.3b). The
colocalization of these markers appears yellow and is present on a large proportion of

infiltrating cells (Fig. 4.3¢). Thus, fibrocytes are present in the myocardium despite the
blockade of CXCR4. Serving as a positive control, the fibrocyte phenotype was also

observed in the myocardium of Angll-infused animals, as previously described (data not

shown) (214, 228).

4.4.5 CXCR4 Antagonism Mobilizes Bone Marrow Cells

We believed that the increase in infiltrating cells in the myocardium may have been due
to the mobilization of stem cells by CXCR4 antagonism. Antagonizing CXCR4 is known
to mobilize hematopoietic stem cells into circulation and as such, is used in combination
with G-CSF for increasing stem cell collection from peripheral blood (242). We
confirmed this effect in our model by quantifying circulating blood leukocytes. Following
AMD3100 infusion, the concentration of leukocytes in the circulation rose to 2.23 fold
greater than saline control (Fig. 4.4a) (p<0.05). Flow cytometry confirmed that the
increase in circulating leukocytes was associated with a corresponding increase in cells
expressing the progenitor marker CD133 (Fig. 4.4b,c). This data provides evidence that
AMD?3100 increases the concentration of circulating progenitor cells. It also supports the
idea that increased circulating progenitor cells are responsible for the increase in
infiltrating cells in the myocardium, but that the mechanism is not dependent on CXCR4-

mediated migration out of the blood.
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4.4.6 Increased Cellular Infiltrate is Not Due to Proliferation or Increased Blood
Pressure

Proliferation of infiltrated myocardial cells was assessed using K167
immunohistochemical label, which was used to calculate a proliferation index. The
proliferation index was based on the number of KI67" cells over the total number of
infiltrating cells. In the AnglI group, 56.9 + 4.4% of infiltrating cells were found to be
proliferative, as indicated by K167 positivity. In the group receiving Angll + AMD3100
54.6 +2.1% were KI67". The high proliferative index in both groups is indicative of a
progenitor cell phenotype rather than non-progenitor leukocytes. There was no
statistically significant difference in the proliferation index between Angll and AnglI +

AMD?3100 treated animals (Fig. S4.1).

AMD3100 did not have a significant effect on blood pressure with or without co-infusion
of Angll (Fig. S4.2a). Hypertrophy also did not significantly differ between Angll and
Angll + AMD3100 animals (Fig. S4.2b). Thus, the increase in infiltrating cells in the
myocardium appears to be the consequence of increased cell mobilization from the bone

marrow, not changes in blood pressure.

4.4.7 Angll Exposure Increases Myocardial Transcription of CCL2

The chemokine CCL2 has also been implicated in fibrocyte recruitment, particularly to
the myocardium (24, 229). As such, we first assessed whether the CCL2 mRNA
transcript was upregulated in the myocardium following Angll infusion. At 6hr of Angll
exposure, CCL2 mRNA transcript was significantly increased: 7.83 + 1.70 fold greater

than control (Fig. 4.5a). Significantly increased CCL2 transcription was maintained until
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12hr of Angll infusion: 12.26 + 2.54 fold greater than control (p<0.05). When compared
to CXCL12 (Fig 4.1), CCL2 expression appears to peak earlier with a several fold higher

amount.

The primary receptor for CCL2 is CCR2. We next tested fibrocyte-enriched cultures for
the presence of CCR2 using immunofluorescence. Cultured cells were once again
labelled for the fibrocyte phenotype (CD133" and collagen-1") as well as CCR2. Nuclei
are labelled blue (Hoechst). A representative photomicrograph is shown in Figure 4.5b
with collagen fluorescing pink, CD133 fluorescing orange, and CXCR4 fluorescing
green. The colocalization of these markers appears red. Purified fibrocytes were

demonstrated to express CCR2 (Fig. 4.5b).

4.4.8 Ability of Fibrocytes to Migrate to CXCL12 and CCL2 In Vitro

To confirm progenitor cells could migrate to both chemokines, we examined the
migration patterns of the circulating CD133" progenitor cell population using a transwell
migration assay. Primary isolated peripheral blood mononuclear cells were used instead
of cultured fibrocytes to better represent the actual population migrating in the circulation
to the heart. CD133" cells migrated in significantly greater numbers to CXCL12 and
CCL2 compared to media only controls (Fig. 4.6b) (p<0.05). Checkerboard analysis
confirmed the increased number of cells was not due to chemokinesis (data not shown).
We did not observe preferential migration to CXCL12 or CCL2 in-vitro by circulating

CD133+ cells.
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Flow cytometry was used to confirm that there were not two separate subsets of
fibrocytes: one that expresses CXCR4 and one that expresses CCR2. Cultured fibrocytes
were labelled for CD133, vimentin, CXCR4 and CCR2. CD133" Vimentin" cells (Fig.
4.6c) were gated on and assessed for CXCR4 and CCR2 positivity (Fig. 4.6d).
Representative flow cytometry demonstrated that a large percentage (98.7%) of cultured

fibrocytes co-express both receptors.

4.4.9 Fibrocyte Migration and Fibrosis in the Absence of CCR2

As CD133" cells appeared to migrate to both CXCL12 and CCL2, we investigated the in
vivo migration of fibrocytes in the absence of the primary receptor for CCL2: CCR2.
Others have previously suggested that CCR2”" animals exhibit reduced cellular
infiltration and fibrosis; however, these studies have been limited to time points 14d or
longer (24, 229, 235, 238). As such, we examined whether the increased cellular
infiltration and fibrosis observed with CXCR4 antagonism would be reduced in our early
time point model of heart failure. Following 3d of Angll or Angll + AMD3100 infusion,
representative sections from CCR2” mouse hearts were stained for H&E and Sirius Red.
Despite the absence of CCR2, cellular infiltrate was still observed in Angll and Angll +
AMD?3100 myocardium (Fig. 4.7b, c, respectively). Through grid counts of the H&E
stained sections, we found that there was no significant reduction in cellular infiltration at
the 3d time point compared to wildtype (WT) mice (Fig. 4.71) (p<0.01). Furthermore,
there was significant fibrosis present in both Angll and Angll + AMD3100 animals (Fig.
4.7j). Thus, at this early time point, CCR2”" mice failed to show a reduction in either

cellular infiltrate or fibrosis compared to WT.
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Given that others have demonstrated reductions in infiltrate and fibrosis between CCR2™”"
and WT animals, we investigated potential differences in the experimentation that may
account for differing results (229). We noted that in one group that used the Angll model
of myocardial fibrosis, they used a lower dose of Angll and extended the infusion to 28d
(229). We accounted for dose differences by lowering our Angll dose to 2.1mg/kg/d and
infusing for 3d. Following 3d of Angll infusion, infiltrate and fibrosis were significantly
elevated in both the CCR2”" and WT animals; however, the differences between CCR2™”
and WT animals within experimental groups were not significant (data not shown). Thus,

our findings at the lower dose were consistent with those at the higher dose.

In order to adjust for the difference in length of infusion, we administered the lower dose
of Angll for 28d. We observed significant reductions in both cellular infiltrate and
fibrosis in CCR2”" mice relative to WT (Fig. 4.8¢). Quantitatively, WT animals that
received Angll had 18.27 + 2.65% of the myocardium in representative sections being
affected by cellular infiltrate (Fig. 4.8¢). In contrast, CCR2”" animals that received AngII
had 8.90 + 1.02% of the myocardium affected — an approximately 48.69% reduction in

the percentage of grids affected in the myocardium relative to WT (p<0.01).

Consistent with the infiltrate findings, collagen content in WT myocardium remained
significantly elevated over saline controls at 16.87 + 1.50% of representative sections
(Fig. 4.8f). Collagen content in CCR2”" myocardium, however, was significantly reduced

relative to WT, constituting just 8.61 £ 0.74% (p<0.01).
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In both CCR2”" and WT mice, the collagen appeared to have undergone maturation,
increasing in density and colour, as seen by Sirius Red staining (Fig. 4.8c,d). While
CCR2™" animals exhibit reduced infiltrate and fibrosis at 28d of AngII infusion, these
observations are not a consequence of modulating early fibrocyte migration, as
demonstrated by the inability to show a change in either infiltrate or fibrosis compared to

WT at 3d.

4.5 Discussion

Stem cell therapies to repair injured myocardium have gained a lot of credence since the
discovery that progenitor cells can differentiate to myocardial cells, such as endothelial
cells and cardiomyocyte-like cells (243, 244). The discovery of another progenitor cell
type in myocardial injury — fibroblast progenitor cells (fibrocytes) — has balanced the
scales between benefit and detriment in repairing the myocardium (24, 60, 214, 220,

229). Fibrocytes have been shown to migrate to the heart, differentiate into
myofibroblasts, and produce ECM proteins, thus directly contributing to the development
of fibrosis. A common link between many progenitor populations is the chemokine
CXCLI12. It is widely accepted that CXCL12 has an important role in stem cell
movement and literature suggests the movement is directed to increased concentrations of

CXCL12 (230, 231, 245).

CXCL12 upregulation is observed in many cardiovascular diseases (214, 232-234). We

observed an increase in CXCL12 transcription in the heart following exogenous Angll
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infusion — a hypertensive model of myocardial fibrosis (214). As our model represents
the initial steps in the development of heart failure, we suspected CXCL12 and its
receptor could potentially be used in a therapeutic setting for improving clinical
outcomes; however, the role of CXCL12 in non-ischemic heart disease is not well
understood. We previously showed that the development of fibrosis was associated with
the recruitment of fibrocytes from the bone marrow (214). We sought to examine whether
CXCL12 had a chemotactic role in fibrocyte recruitment to the myocardium. Song et al
provide evidence for CXCL12 driving the recruitment of fibrocytes from circulation into
injured tissue, using a model of bleomycin-induced lung fibrosis (231). They utilized a
competitive antagonist against the CXCL12 receptor, CXCR4, in an attempt to inhibit
fibrocyte recruitment. Using AMD3100, they observed a decrease in the number of
fibrocytes in the lungs, suggesting CXCL12 is the chemokine responsible for fibrocyte
migration into injured tissues. It is not clear that the population they were investigating
expressed the fibrocyte-specific markers though. Thus, the role of CXCL12 in fibrocyte

migration required further investigation.

Under the same premise, we hypothesized that CXCR4 antagonism with AMD3100
would inhibit the infiltration of fibrocytes into the myocardium, ultimately decreasing
myocardial fibrosis. AMD3100 is a known stem cell mobilizer, due to its ability to
interfere with attractive force of the CXCL12-CXCR4 axis in the bone marrow (242,
246). As such, administering AMD3100 increases the concentration of stem cells in
circulation, as observed in our study. Provided CXCL12 is the primary chemokine

involved in fibrocyte recruitment, the increased concentration of progenitor cells in
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circulation in combination with CXCR4 antagonism should not lead to greater cellular
infiltration in the myocardium. Unexpectedly, however, simultaneous infusion of Angll
and AMD3100 was unable to decrease cellular infiltrate or myocardial fibrosis.
Following 3d of continuous infusion, cellular infiltrate was significantly increased, which
was associated with increased fibrotic deposition in the myocardium in animals receiving
Angll+AMD3100. These effects did not appear to be a result of increased proliferation of
infiltrating cells, as confirmed by an in vivo proliferation index. Infusion with AMD3100
alone did not result in infiltration or fibrosis, consistent with what others have shown
(240). These results cumulatively suggest that CXCR4 antagonism in our model of AnglI
myocardial fibrosis is likely exacerbated secondary to the significant mobilization of

fibrocytes to the circulation, but was unable to prevent progenitor cell recruitment.

One-time infusion of AMD3100 has been shown to increase the recruitment of the
beneficial endothelial progenitor cells (EPCs) to the myocardium post-infarction. As
such, Dai et al. chronically administered AMD3100 with the intention of increasing EPC
recruitment for the duration of treatment (240). While there were increased progenitor
cells in the myocardium, the cells did not differentiate to an endothelial phenotype and
the increase in progenitor cells was associated with increased fibrosis. It follows that the
unidentified progenitor cells in the infarct model may be fibrocytes and that a general
effect of chronic AMD3100 infusion in heart disease is the recruitment of fibrocytes to
the myocardium. While Dai et al. did not stain for mesenchymal markers, we have been
able to show that following CXCR4 antagonism, the infiltrating cells express the

fibrocyte phenotype, using markers for mesenchymal and haematopoietic origins. Using
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CD45 and SMA colocalization, we identified fibrocytes in the myocardium following
both Angll and Angll + AMD3100 infusion. We provide definitive evidence that
fibrocyte migration to the heart in a model of myocardial fibrosis is not CXCL12
dependent. Furthermore, through CXCR4 antagonism, we are the first to show that

increased fibrocyte recruitment leads to increased fibrosis.

Recently, a second chemokine has been implicated in fibrocyte migration: CCL2 (24,
201, 229). Using both knockouts for the chemokine and its receptor, investigators have
been able to show decreased fibrocyte recruitment to the myocardium; however, these
models differ in either Angll dosage or time of harvest, both of which may have
implications on the interpretation of fibrocyte recruitment (24, 229). In this study, we
have shown that fibrocytes simultaneously express both chemokine receptors, CXCR4
and CCR2, and can thus potentially migrate to both chemokines. We confirmed stem cell
migration to both chemokines using in vitro transwell migration assays, but were unable
to show preferential migration. We suspected CCL2 was mediating the recruitment of
fibrocytes during CXCR4 blockade and to test this hypothesis, we administered Angll

with and without AMD3100 in CCR2 7" mice.

Our initial 3d harvests failed to show significant differences in infiltrate or fibrosis
between CCR2 ”~ and WT mice. This held true for both AngIl and Angll + AMD3100
infusions. These results differ from what others have demonstrated at the 28d time point
with AngllI infusion (229). The inability to show differences in cell infiltration at 3d

between CCR2” and WT mice suggested that the effects of CCR2 in this model are
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primarily non-chemotactic. We examined this theory by comparing cellular infiltrate and
fibrosis in the myocardium between an early time point (3d) and a late time point (28d).
We observed similar reductions in fibrosis reported by others at the late time point (229).
This confirmed that the reduction in infiltrate and fibrosis in CCR2” mice is not due to

reduced fibrocyte migration.

While fibrocytes may be an important effector cell in the development of fibrosis, their
presence alone does not dictate the development of fibrosis. In a model of pulmonary
fibrosis, Murray et al. demonstrated that fibrocytes require the presence of stimulatory
cells to have an effector role (247). Moore et al. also offer support for a CCR2 role in
pulmonary fibrosis and consistent with our findings, the reduction in fibrosis was not a
consequence of decreased cellular infiltrate or change in infiltrate composition (235).
Sakai et al. also support a role of CCR2 in fibrogenesis, but demonstrate that the
interaction between CCL2 and CCR2 is important in the production of pro-fibrotic
factors, thus suggesting an alternate method by which CCR2 mediates fibrosis. Changes
in key pro-inflammatory and pro-fibrotic cytokines have been noted in several different

models of fibrosis that implicate the CCL2-CCR2 axis (235, 237, 238, 247).

We have shown that the chemokines CXCL12 and CCL2 do not play prominent roles in
fibrocyte migration, as previously thought. While CXCL12 may have a role in the
mobilization of stem cells, including fibrocytes, inhibition of its receptor, CXCR4, may
lead to worsened fibrotic conditions, specifically in the myocardium. Likewise, the role

of CCR2 signalling appears to be important in the maintenance of fibrocytes and fibrosis
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in the heart, but these effects do not appear to be migration-dependent. CCR2 continues
to be a potential therapeutic target in fibrotic conditions; however, the mechanism by
which CCR2 inhibition reduces early cellular infiltrate and fibrosis has yet to be
characterized.
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Figure 4.1 Angll Increases Myocardial CXCL12 mRNA

(A) Using qPCR, we measured myocardial expression of CXCL12 transcript levels
relative to 18s ribosomal gene expression. Relative mRNA transcript levels for CXCL12
were significantly increased in Angll-infused animals at 1 and 3 days (**p<0.01). (B)
Representative immunofluorescence is shown for the expression of CXCR4 on fibrocytes
cultured from circulating leukocytes. The colocalization of collagen-1 (green), CD133
(orange), and CXCR4 (pink) overlaid as red on the fibrocytes. Nuclei were labelled blue

with Hoechst. Images were captured at 100x.
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Figure 4.2 CXCR4 Antagonism Increases Cellular Infiltrate and Fibrosis

Representative sections of 3d hearts stained with H&E (A, B, C) and SR (D, E, F): saline
control (A, E), Angll (B, F), Angll + AMD3100 (C, G), and AMD3100 (D, H). AnglI-
infusion led to significant cellular infiltrate in the heart (*»<0.01), which was exacerbated
by CXCR4 antagonism (**p<0.01). The significant increase in cellular infiltrate (I) was
associated with significantly increased collagen content (J), as semi-quantified by digital

image analysis n=5). Images were captured at 40x.
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Figure 4.3 Infiltrating Cells are Predominantly Fibrocytes

Myocardial sections were labelled for the leukocyte marker CD45 (green) and the
mesenchymal marker a-SMA (red). The overlay of these markers showed colocalization
(yellow) of infiltrating cells in the myocardium of Angll + AMD3100 infused animals.
Fibrocytes were found in the myocardium of AngllI infused animals as well (data not

shown). Images were captured at 63x.
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Figure 4.4 CXCR4 Antagonism Increases Circulating CD133" Leukocytes

A Following AMD3100 infusion, circulating leukocyte counts were significantly elevated
compared to saline infusion. Circulating leukocytes were labelled for the progenitor
marker CD133 (n=4). (B) Representative flow cytometry demonstrated that there was an

increase in CD133" cells in circulation following AMD3100 infusion.
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Figure 4.5 Angll Increases Myocardial CCL2 mRNA

A Using qPCR, we also measured myocardial expression of CCL2 transcript levels
relative to 18s ribosomal gene expression. Relative mRNA transcript levels for CCL2
were significantly increased in Angll-infused animals by 6hrs and remained significantly
elevated at 12hrs. (**p<0.01). B Representative immunofluorescence is shown for the
expression of the primary CCL2 receptor, CCR2, on fibrocytes cultured from circulating
leukocytes. The colocalization of collagen-1 (pink), CD133 (orange), and CXCR4
(CCR2) overlaid as red on the fibrocytes. Nuclei were labelled blue with Hoechst. Images

were captured at 100x.
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Figure 4.6 CD133" Cells Non-Preferentially Migrate to CXCL12 and CCL2

In vitro migration assays using PBMCs (n=4) (A) demonstrated that a population of
CD133" circulating leukocytes (n=4) (B) migrate to both CXCL12 and CCL2 (*p<0.05).
Representative flow cytometry confirmed that cultured fibrocytes (C: CD133" Vim")
predominantly co-express the receptors CXCR4 and CCR2 (D), suggesting that it is the

same population that is migrating to both chemokines.
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Figure 4.7 CCR2” do not Exhibit Reduced Infiltrate and Fibrosis in the Heart
Following 3d of High-Dose AnglI Infusion

Representative sections of 3d hearts stained with H&E (A, B, C) and SR (D, E, F) are
shown: saline control (A, D), Angll (2.1mg/kg/d) (B, E) and Angll + AMD3100 (C, F).
Myocardial infiltrate and fibrosis were compared between CCR2” and WT mice. Angll
led to significant cellular infiltrate and fibrosis compared to saline controls (p<0.01, n=3),
which was again exacerbated by CXCR4 antagonismm (*p<0.01, n=3). Despite the
absence of CCR2, infiltrate (G) and fibrosis (H) were not significantly reduced at the 3d

time point relative to WT experimental groups. Images were captured at 40x.
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Figure 4.8 CCR2-Dependent Reduction in Infiltrate and Fibrosis are Time-
Dependent
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Representative sections of hearts stained with H&E (A, B) and SR (C, D) following 28d
of Angll infusion: A, C WT and B, D CCR2”. Both WT and CCR2”" mice demonstrated
reductions in infiltrate (E) and fibrosis (F) relative to their dose-matched (2.1mg/kg/d) 3d
counterparts; however, CCR2”" showed a greater reduction in both features relative the

time-matched WT counterpart. (**p<0.01, n=4-5). Images were captured at 40x.
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Figure S4.1: Increased Cellular Infiltrate is not due to Proliferation

K167 labelling was used to assess proliferation in representative sections of myocardium
for each experimental group (n=3). Angll and Angll + AMD3100 infused animals both
showed large proliferating populations, which were absent in saline controls. The

myocardial proliferation between the Angll and Angll + AMD3100 infused animals did

not differ significantly.
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Figure S4.2: Increased Infiltrate and Fibrosis is not Blood Pressure or Hypertrophy
Dependent

A Tail cuff measurements at the 3d endpoint demonstrated that AnglI infusion
significantly increases mean arterial pressure; however, AMD3100 did not significantly
affect blood pressure (n=4). B Hypertrophy scores for Angll and Angll + AMD3100
were also significantly elevated relative to saline controls (*p<0.01), but did not

significantly differ between the experimental groups (n=5).
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5.1 Abstract

Introduction: Angiotensin II (Angll) exposure to rodents is a common model of fibrosis.
We have previously shown that cellular infiltration of bone marrow-derived progenitor
cells (fibrocytes) occurs prior to ECM deposition and is associated with the production of
connective tissue growth factor (CTGF). Methods and Results: In this study, we
characterized the role of CTGF in promoting fibrocyte accumulation and regulation after
Angll exposure. In animals exposed to Angll using osmotic mini-pumps (2.0ug/kg/min),
myocardial CTGF mRNA peaked at 6hr (21-fold; p<0.01) while TGFf peaked at 3d (5-
fold; p<0.05) compared to animals receiving saline. Early CTGF expression was well
before fibrocyte migration (1d) into the myocardium or ECM deposition (3d). CTGF
protein expression was evident by 3d of Angll exposure and appeared localized to the
cardiomyocytes. Isolated cardiomyocytes responded to Angll with increased CTGF
production (2.1-fold; p<<0.05). The role of CTGF on isolated fibrocytes was evaluated in-
vitro, which demonstrated the promotion of fibrocyte proliferation (2-fold; p<0.05) and
collagen production (2.3-fold; p<0.05). Conclusion: We provide strong evidence that
AngllI exposure first results in the production of CTGF by cardiomyocytes (6hr) well
before the accumulation of fibrocytes or TGFf expression, suggesting that CTGF is not
functioning downstream of TGFf. We also provide evidence that CTGF contributes to
proliferation of fibrocytes in the myocardium and enhances differentiation of fibrocytes

into a myofibroblast phenotype capable of contributing to ECM deposition.
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5.2 Introduction

Myocardial fibrosis is a common pathological feature of many cardiovascular disorders
characterized by an over-abundant deposition of extracellular matrix (ECM) molecules in
combination with a deficit in ECM degradation (3, 248). The excess ECM protein results
in loss of contractility and increased stiffness, ultimately leading to organ dysfunction
and end-stage heart failure (3, 249). Current understanding of the molecular mechanisms
culminating in increased matrix deposition is incomplete, warranting further investigation

into the pathways involved.

One molecule, Angiotensin II (AnglI) has been implicated in the development of fibrosis
in the myocardium as well as in other fibrotic disorders (2, 250). This hormone is a
member of the renin-angiotensin system and as such is involved in blood pressure
regulation but has also been correlated with conditions that lead to organ fibrosis (211,
251). The exogenous administration of AnglI to rodents through a subcutaneous osmotic
pump has become a well-established model resulting in myocardial fibrosis and

functional deterioration (214, 252).

Recent evidence published by us, and others has demonstrated that Angll exposure leads
to an influx in hematopoetic progenitor cells, termed fibrocytes, into the myocardium.
This occurs before ECM deposition (24, 214, 219). Fibrocytes possess both
hematopoietic markers (CD34, CD45 and CD133) and mesenchymal markers (Collagen

type I, fibronectin and vimentin) (85, 253). Supporting evidence for the involvement of
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fibrocytes has been described in fibrotic disorders of the lung, kidney, liver and skin
(254-257). While there is increasing evidence confirming the importance of fibrocytes in
fibrotic conditions, there remains a significant paucity of mechanistic information, such
as the tissue microenvironment with which these cells interact and the cytokine signaling

that elicit their contribution to ECM production.

The current paradigm concerning pro-fibrotic signaling suggests that one of the first
molecules involved in fibrosis development after Angll exposure is transforming growth
factor-p (TGFp) (258, 259). TGFp has been suggested to interact directly with
cardiomyocytes, which then produce other growth factors, such as connective tissue
growth factor (CTGF) (260). In fact, recent studies have suggested that both; the well
described TGFB downstream regulation through the SMAD signaling pathway and a
SMAD-independent TGFf signaling pathway mediate the upregulation of CTGF (156,
158). Transgenic rodent models selectively overexpressing CTGF in fibroblasts result in
increased systemic tissue fibrosis (261). In addition, increased levels of CTGF have been
correlated with the development of fibrotic pathologies, including dermal, renal, liver,
pulmonary, and cardiac fibrosis (153, 214, 262). Due to its strong link to fibrotic
diseases, CTGF has also been suggested as a biomarker for fibrosis (165, 262).
Notwithstanding this evidence, a direct causal link between CTGF and fibrosis

development after Angll exposure has yet to be established.

In the current study we have characterized the effects of Angll exposure in vivo on CTGF

levels in the myocardium and its effects in relation to infiltrating fibrocytes. We have
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shown for the first time that CTGF is the first pro-fibrotic cytokine to be upregulated by
cardiomyocytes in response to Angll exposure. We also provide evidence that in
response to CTGF, infiltrating fibrocytes are capable of contributing to the process of

ECM deposition and thereby fibrosis development.
5.3 Materials and Methods

5.3.1 Animals

All work was performed accordance with the Canadian Council on Animal Care and
approved by the local Committee on Laboratory Animals. Male C57B1/6 and CAG-
EGFP (006567) transgenic mice between 7 to 8wk of age were purchased from the
Jackson Laboratory (Bar Harbour, ME) and were housed within the Carleton Animal
Care Facility at Dalhousie University. Mice were provided food and water ad libitum for

1wk prior to experimentation.

5.3.2 GFP Chimeric Animals

Chimeric animals were generated by transplanting bone marrow constitutively expressing
GFP into lethally irradiated mice, as previously described (198, 214). Bone marrow cells
were harvested from 8wk old GFP transgenic mice in a C57Bl/6 background that
ubiquitously express GFP under control of the CAG promoter. Recipient mice were
irradiated with two doses of 5.5Gy and unfractionated GFP+ BM cells (1x10° cells) were
injected via tail vein. Engraftment was evaluated 8wk after transplant by collecting
peripheral blood cells and evaluating the frequency of GFP+ cells relative to the total
peripheral nucleated cells. Only animals with engraftment greater than 60% GFP+ were

used for further treatment.
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5.3.3 AngllI Infusion

Animals had mini osmotic pumps containing AngllI or saline implanted under general
anesthesia as previously reported (214). In short, animals were anesthetized with
isoflurane (Baxter Healthcare Corp., New Providence, NJ) in oxygen at which point a 1-2
cm mid-scapular skin incision was made and a mini osmotic pump (Alzet, Palo Alto, CA)
was inserted subcutaneously. Animals were randomly assigned to receive Angll (2.0
pg/kg/min, Sigma Aldrich) or a vehicle control of saline. The pumps remained in for 6
or 12hr, 1, 3 or 7d during which the animals were provided food and water ad libitum and

observed for signs of morbidity.

5.3.4 Tissue Harvest

Hearts from experimental animals were harvested and weighed then divided into three
sections along the vertical axis. The base section of the heart was processed for
histological examination with the other two pieces snap frozen immediately for molecular

analysis.

5.3.5 Cell Isolation and Culture

Peripheral blood mononuclear cells (PBMCs) and bone marrow (BM) cells were isolated
from naive or 3d Angll exposed mice. Briefly, blood was collected in heparin containing
syringes via cardiac puncture and centrifuged. The PBMC containing layer was isolated,
washed and residual red blood cells were lysed using ammonium chloride solution. BM
cells were removed from the tibias and femurs by flushing with 10mL of dPBS

(Invitrogen) after removal of the bone ends.
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Hearts from mice infused with Angll for 3d were harvested under sterile conditions and
used for cell isolation as previously described (214). Briefly, hearts were mechanically
and enzymatically digested in a collagenase solution (50 mg/mL collagenase II,
Cedarlane, Burlington, ON) in RPMI 1640 media (Gibco, Burlington, ON) at 37°C with
agitation for 45min. Cell isolates were washed in complete RPMI containing 10% heat-
inactivated FBS, 2mM L-glutamine, 100mg/mL streptomycin and 100U/mL Penicillin.
Cells were then plated in T25 flasks coated with 0.1% gelatin, incubated for 3d at 37°C
and 5% CO,, at which point all non-adherent cellular debris was removed and media was

replenished.

Neonatal cardiomyocytes were isolated from day old C57Bl/6 pups as reported
previously (263). In short, pups were decapitated, hearts were excised and mechanically
and enzymatically digested in 0.25% trypsin-EDTA for 20min. Cell isolates were
washed in complete DMEM containing 20% FBS, 2mM L-glutamine, 100uM non-
essential amino acids, 100mg/mL streptomycin and 100U/mL Penicillin and allowed to
differentially adhere to a T75 flask for 2hr. Cardiomyocytes were then collected from the
suspension and plated on 0.1% gelatin coated 6-well plates. Isolated fibrocytes and
neonatal cardiomyoctes were treated with a) Angll, b) recombinant human CTGF (Cell

Sciences, Canton, MA, USA) or ¢) PBS as vehicle control.

5.3.6 Histological Analysis

Hearts were processed for histological assay by: a) fixing with 10% formalin for 24hr; b)

protecting with sucrose/OCT followed by snap freezing. Formalin fixed tissues were
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paraffin embedded and were serially sectioned on a microtome (5um). Basic myocardial
histology and cellular infiltration were examined using heart cross-sections stained with
hematoxylin and eosin (H&E). Immunohistochemistry for CTGF (Abcam, Cambridge,
MA) and Ki-67 (DakoCytomation, Mississauga, ON) was performed on paraffin
embedded tissues, which were deparaffinized and treated for antigen retrieval prior to
staining. Briefly, endogenous peroxidases were quenched with 3% hydrogen peroxide;
endogenous biotin was blocked (DAKO Biotin Blocking System, DakoCytomation); and
non-specific staining was blocked with normal goat serum. Sections were incubated with
primary antibody, followed by a specific biotin-conjugated secondary antibody. The
antibody complexes were then conjugated to an Avidin-biotin complex (Vectastain ABC
kit; Vector, Burlington CA) and developed using 3,3' diaminobenzidine as the chromogen
(DAB; DakoCytomation). Light microscopy was performed; pictures were captured and

analyzed in Adobe Photoshop 5.0.
5.3.7 Immunofluorescence Staining

Isolated cells were plated on coverslips overnight, fixed in 4% paraformaldahyde,
permeabilized with 0.03% Triton X-100, blocked against non-specific antibody binding
with 10% normal goat serum and stained for CD45 (BD Biosciences, Mississauga, ON),
Collagen type 1 (Rockland Inc, Gilbertsville, PA), cardiac troponin I (CTnl; Abcam),
GFP (Abcam), aSMA (Sigma Aldrich) or CD133 (Abcam). Antibodies were detected
using anti-host specific Alexa fluorescently labeled secondary antibodies (Invitrogen) and
nuclei were counterstained with Hoescht stain (Sigma Aldrich). Images were captured
with a Zeiss Axiovert 200 inverted microscope with a Hamamatsu ORCA-R2 digital

camera with an AttoArc 2 HBO 100W lamp.
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5.3.8 Immunoblotting

Western blotting was performed on samples isolated from snap frozen heart sections.
Sections were homogenized in RIPA buffer (150mM NaCl, 50mM Tris-HCL base, 0.1%
SDS, 0.1% Triton X-100, 0.5% deoxycholic acid) with protease inhibitors added (1mM
PMSF, Sug/mL Aprotinin, Sug/mL Leupeptin, Sug/mL Pepstatin A and 2mg/mL
Iodoacetamide). Samples were then denatured by boiling with Laemmli sample buffer.
Protein was separated on a 12% SDS-PAGE gel and transferred to Immobilon PVDF
membrane (Millipore, Bedford, MA). Membranes were incubated with 5% skim milk in
buffer for 1hr before incubation with CTGF antibody overnight at 4°C (Abcam). Blots
were developed using horseradish peroxidase-linked goat anti-rabbit IgG (Vector Labs,
Burlington, UK) and an Amersham ECL kit (GE Life Sciences, Buckinghamshire, UK).

[-actin was used as an internal control (Sigma Aldrich, Oakville ON).

5.3.9 Flow Cytometry

Cell surface expression of CD45 and cytosolic expression of vimentin and CTnl was
determined using flow cytometry. Briefly, isolated PBMCs and BM cells were incubated
with a monoclonal rat anti-CD45 antibody (CL9446AP; Cedarlane Labs) followed by
FITC-conjugated goat anti-rat IgG,;, (Cedarlane) secondary antibody. Cells were then
permeabilized using a commercial kit (BD Biosciences) and incubated with PerCP
conjugated monoclonal mouse vimentin antibody (RV202; Santa Cruz Biotechnology
Inc, Santa Cruz, CA, USA). Isolated neonatal cardiomyocytes were incubated with
polyclonal rabbit anti-CTnl followed by an Alexa-488 conjugated goat anti-rabbit IgG
(Invitrogen) secondary antibody. Following antibody incubations cells were fixed in 1%

formalin solution for storage prior to analysis. Cells were analyzed with a (BD
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FACScalibur (BD Biosciences, Mississauga, ON, Canada) flow cytometer within 5d of
labeling. Findings were confirmed using isotype controls (CD45: rat IgG2» eBiosciences
(San Diego, CA, USA), vimentin-PerCP: IgG;-PerCP Santa Cruz, and CTnl: rabbit IgG
Sigma Aldrich). A secondary-only control was used to confirm the absence of

nonspecific binding of the secondary antibody.

5.3.10 Relative Quantitative Polymerase Chain Reaction (QPCR)

Total RNA was isolated from snap frozen heart sections using TRIzol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. First strand cDNA was
synthesized from RNA using iScript cDNA Synthesis Kit (Biorad, Hercules, CA). The
qPCR was completed using iQ SYBR Green Supermix (Biorad) and the iQ Multicolour
Real-Time PCR Detection System thermocycler (Biorad) was used for detection.
Efficiency curves and no-template control samples were run with samples each
thermocycling. Melt curves were run after cycling to ensure target specificity. Primers
were designed against mRNA sequence of CTGF (forward: 5°-
TCAACCTCAGACACTGGTTTCG-3’; reverse: 5°-
TAGAGCAGGTCTGTCTGCAAGC-3’), TGFp (forward: 5°-
GGTCTCCCAAGGAAAGGTAGG-3’; reverse: 5’-CTCTTGAGTCCCTCGCATCC-3),
collagen 1al (forward: 5’-CAACAGTCGCTTCACCTACAGC-3’; reverse: 5°-
GTGGAGGGAGTTTACACGAAGC-3’) and 18S ribosomal RNA (forward: 5’-
TCAACTTTCGATGGTAGTCGCCGT-3’; reverse: 5°-
TCCTTGGATGTGGTAGCCGTTTCT-3"). Expression was normalization to the 18S

ribosomal gene using the Pfaffl method.
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5.3.11 Proliferation Assays

An MTT assay for assessment of relative cellular proliferation was carried out according
to the manufacturer’s instructions (Invitrogen). In brief, cells were plated in 96-well
tissue culture plates and allowed to adhere overnight prior to stimulation. Cells were
stimulated for 24hr at which point MTT reagent was added for 4hr, followed by SDS-
HCL solution for 18hr to stop the reaction. Samples were mixed and absorbance was

then read at 570nm.

Relative proliferation was also assessed by immuno-fluorescent staining of Ki67
proliferation marker in cells plated on gelatin-coated coverslips. Cells were allowed to
reach 50% confluency, then stimulated for 24hr at which point cells were fixed using 4%
para-formaldehyde for 10min at room temperature. Non-specific binding was blocked
using secondary host serum then coverslips were incubated overnight at 4°C with anti-
Ki67 antibody. Bound antibody was detected using anti-host specific Cy3 fluorescently
labeled secondary antibodies (Invitrogen) and nuclei were stained with hoescht dye.
Images were captured with a Zeiss Axiovert 200 inverted microscope with a Hamamatsu
ORCA-R2 digital camera with an AttoArc 2 HBO 100W lamp. Relative proliferation
was assessed by counting the number of Ki67 positive nuclei relative to the total number

of nuclei in 5 random fields of view at 20x magnification.

5.3.12 Statistical Analysis

Data is represented as mean = SEM. One-way ANOVA tests were completed using the

Bonferroni post-test to compare the experimental groups to the saline control. All gPCR
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results were evaluated based on the Wilcoxin Signed Rank test to compare changes in
relative expression. All statistical calculations were computed using GraphPad Prism4

software and significance was determined if p < 0.05.

5.4 Results

5.4.1 Bone-Marrow Derived Progenitors are Mobilized from the Bone Marrow and
Infiltrate into the Myocardium after Angll Exposure

Previous work from our laboratory has demonstrated that Angll exposure results in
significant multi-focal areas of cellular infiltration within the myocardium by 1d (214).
This cellular infiltration is then followed by significant collagen deposition in areas of
infiltration over 3-7d of Angll exposure. GFP chimeric mice that constitutively express
eGFP under control of the actin promoter in bone marrow derived cells were used
initially to compare animals exposed to AngllI or saline control. Chimeric mice exposed
to Angll for 3d were found to have a significant proportion of infiltrating cells positive
for GFP in the myocardium when compared to saline control (Figure 5.1A, B, E, F),
suggesting that bone marrow derived cells are the predominant cell type.
Immunofluorecence was used to show that infiltrating cells also expressed aSMA
(mesenchymal myofibroblast marker) colocalized with GFP in Angll exposed animals
(Figure 1C, D, G, H). Taken together, these findings confirm our previous work
suggesting that a significant proportion of myocardial infiltrating cells are fibrocytes
known to express bone marrow and mesenchymal markers (214, 228). Flow cytometry
was used to identify double positive fibrocytes in the circulation. The percentage of
CD45+/vimentin+ double positive cells, indicative of fibrocytes in PBMC’s, was

significantly higher in animals exposed to Angll when compared to saline control (Figure
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5.2A, B). Taken together, Angll infusion resulted in early mobilization of fibrocytes from
the bone marrow into the circulation and significant migration to the myocardium within

3d of exposure.

5.4.2 CTGF is the First Pro-Fibrotic Cytokine seen in the Myocardium after AnglI
Exposure

Previous work by us, and others suggested that TGFf3 and CTGF may be the predominant
pro-fibrotic cytokines associated with Angll dependent myocardial fibrosis (214, 264).
Increased numbers and additional time-points were added to historical data (214). The
expression of CTGF within the myocardium relative to both housekeeping gene and
saline control was significantly increased (23-fold) as early as 6hr after Angll exposure
(p <0.01), preceding myocardial cellular infiltration or ECM deposition shown to be
significant by 1d and 3d respectively (214, 228). CTGF mRNA levels were then seen to
drop off at 12hr before increasing again at 24 hr by 19-fold (p <0.01) (Figure 5.3A). As
the second wave of CTGF expression occurs there is a concurrent increase in TGFf3
levels that reached significance at 24hr of Angll exposure (4-fold) and peaked at 3d
compared to saline control (p < 0.01) (Figure 5.3B). The increase in CTGF expression
when compared to TGFf was earlier and several fold higher, suggesting a role for CTGF
in the subsequent fibrosis development (Figure 5.3C). Upregulation of CTGF expression
was confirmed by showing a significant increase in the presence CTGF protein relative to
saline controls at 3d of Angll exposure by western blotting of cardiac extracts (Figure
5.3D-E). The majority of CTGF appeared to be localized to the cardiomyocytes and not
the infiltrating cells suggesting that cardiomyocytes may be the primary source of early

CTGF production (Figure 5.3F, G).
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5.4.3 Neonatal Cardiomyocytes Produce CTGF in Response to AnglI

Given our evidence that CTGF production was upregulated in the myocardium prior to
fibrocyte migration and appeared to be localized to cardiomyocytes, we sought to
confirm that cardiomyocytes produce CTGF after Angll exposure. To achieve this we
conducted in vitro stimulation assays using isolated neonatal cardiac myocytes. The
majority of isolated cardiomyocytes stained positive for CTnl, both by flow cytometry
(97%) and immunofluorescence (94%) suggesting high purity (Figure 5.4A, B).
Stimulation of isolated cardiomyocytes for 6 hr with Angll significantly increased the
CTGF mRNA expression 2.1-fold compared to vehicle only control (p < 0.05) (Figure
4C). This finding confirms that cardiomyocytes producing significant amounts of CTGF
directly in response to Angll; thus providing direct supporting evidence that

cardiomyocytes are the initial cell responsible for CTGF expression.

5.4.4 Fibrocytes Isolated and Cultured In Vitro from Angll Exposed Myocardium
also Contributes to CTGF Expression

While our findings suggest that CTGF is produced initially by cardiomyocytes, it may not
explain our observation in-vivo of a second peak in CTGF mRNA expression that appears
to coincide with the increase in fibrocyte accumulation in the myocardium at 24hr of
Angll exposure. Therefore, we examined the possibility that infiltrating cells could also
contribute to the high level of CTGF found in whole tissue after Angll exposure.
Infiltrating fibrocytes (after Angll exposure) were isolated as previously described”.
Fibrocyte purity was assessed by confirming co-expression of a mesenchymal marker
collagen type I and a hematopoetic marker CD45 (Figure 5.5A). Using this approach, the

mean purity of fibrocyte cultures was 50%. Control animals yielded less than 1%
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fibrocytes (Figure 5.5B). Direct exposure of the isolated fibrocyte population to Angll
resulted in a significant 2.6-fold increase in CTGF mRNA expression compared to saline
control (p <0.05) (Figure 5.5C). This suggests that a fibrocyte rich population in which
no cardiomyocytes are present is also capable of CTGF up-regulation and expression.
These findings may explain the observed second peak in CTGF mRNA we observed in

the mycardium of Angll exposed animals after 12hr of Angll exposure.

5.4.5 Fibrocytes Proliferate in Response to CTGF

We next focused on a potential role for CTGF in fibrocyte accumulation and ECM
deposition. On examination of histological sections from animals exposed to AnglI for
3d we observed significant positive staining of Ki67, a proliferation marker, in areas of
fibrocyte infiltration when compared to saline control (Figure 5.6A, B). This would
suggest that fibrocyte accumulation is dependent on both influx from the circulation and
from proliferation. Fibrocyte proliferation in the myocardium occurred concurrently the
elevation of CTGF. As such, we investigated the effect of CTGF exposure on the
proliferation of fibrocytes in an in vitro setting. Isolated fibrocytes exposed to CTGF
resulted in significant proliferation as assessed by Ki67 positivity when compared to
media control (p < 0.05) (Figure 6C). This was confirmed using a second proliferation
assay, the MTT assay (p < 0.05) (Figure 5.6D). These data suggest that increased
fibrocyte proliferation within the myocardium after Angll exposure (3d) is in part due to

the increase in CTGF observed at this time.
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5.4.6 Fibrocytes Differentiate to ECM Producing Cells Under the Influence of
CTGF

To investigate the effect of CTGF on fibrocyte differentiation, fibrocytes were isolated as
above and exposed to CTGF. There was a significant increase in the mRNA expression
of Collagen type 1, al subunit (COL1AT1), with a 2.3-fold increase compared to saline
control (Figure 5.7A). This suggests that fibrocytes can, under appropriate conditions,
become a source of ECM in the myocardium particularly after Angll exposure and the
presence of CTGF. Given that we have demonstrated that Angll upregulates the
expression of CTGF (Figure 5.5), this would create a positive feedback loop promoting a

profibrotic environment.

Fibrocytes isolated from peripheral blood were enriched over 14d with or without CTGF
exposure. Cells that were not exposed to CTGF over the duration had a significantly
lower aSMA to CD133 ratio, compared to early isolates (1d). On the other hand,
fibrocytes exposed to CTGF during the 14d enrichment did not show a significant
reduction in aSMA:CD133 (Figure 5.7B). Taken together, this suggests that CTGF
exposure may allow fibrocytes to maintain a higher mesenchymal protein expression and

therefore favor differentiation of fibrocytes into ECM producing myofibroblast-like cells.

5.5 Discussion

5.5.1 Bone Marrow-Derived Progenitor Cells Mobilize and Migrate to the
Myocardium

We have previously reported that fibrocytes, a bone marrow-derived fibroblast progenitor

population, represent the majority of infiltrating cells seen to accumulate in the
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myocardium after Angll exposure (214, 228). The effector role of fibrocytes has been
suggested in many fibrotic pathologies including models focusing on cardiomyopathy
(60, 219), cardiac hypertrophy (198), pulmonary fibrosis (254) and renal fibrosis (211).
In the present study we demonstrate that following 3d of Angll exposure, cells that have
migrated to the myocardium are bone marrow-derived and stain positive for the
mesenchymal marker aSMA, confirming that the infiltrating cells are fibrocytes. We
have also provided evidence that fibrocyte numbers increase in peripheral blood after
Angll exposure supporting a hypothesis of mobilization of these progenitor cells from the
bone marrow in response to Angll. Given these findings, we investigated the parameters
that induce fibrocyte accumulation in the myocardium and the propagation of the fibrotic

response.

5.5.2 Fibrotic Mediators: Interaction between CTGF and TGFp

We observed significant increases in CTGF mRNA and protein in the myocardium well
before the accumulation of fibrocytes, suggesting a link between CTGF production by
cardiomyocytes and fibrocyte accumulation. Immunocytochemistry labeling for CTGF
confirmed that cardiomyocytes were a significant cellular source of CTGF. Further
support for this hypothesis came from experiments using primary cultured
cardiomyocytes, which demonstrated that Angll exposure results in significant increase
in CTGF mRNA expression. The importance of CTGF in fibrosis development has been
suggested by others and a link between Angll and CTGF has been implicated by data
showing that CTGF expression could be abrogated in animal models by angiotensin

receptor blockade (265). These data suggest that the initial increase in CTGF expression
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seen in our model after Angll exposure was a direct result of signaling through Angll

receptors (AT1R) located on resident cardiomyocytes (266).

Traditionally, CTGF is believed to be regulated via TGFf signaling. CTGF was first
described as a TGF response factor in human endothelial cells (HUVECs) and was
found to be expressed by cultured skin fibroblasts in response to TGFp as early as 30 min
after exposure (267, 268). The role of TGFp as a key regulator of fibrosis development
has previously been described and explains why in the Angll infusion model, there was
an increase in TGFB mRNA in the myocardium after 1d of exposure (258, 259). We
provide evidence for the first time that in a mouse model of Angll exposure, CTGF is
expressed first (6hr) within the myocardium by resident cardiomyocytes, well before the
observed increase in TGFf expression (1d). Our findings suggest that in this model of
Angll-induced myocardial fibrosis, the initial increase in CTGF expression occurs
independently of TGFp signaling. There is evidence from in vitro models that CTGF
regulation can occur through a SMAD2/3 dependent, TGFf-independent pathway for

CTGEF expression (158).

During the course of Angll exposure, the initial increase in CTGF expression was
followed by a reduction in CTGF mRNA at 12hr. At 24hr, CTGF expression in the heart
rebounded. This coincided with increased infiltration of fibrocytes into the myocardium,

which implicated fibrocytes in the production of the second wave of CTGF (214). We
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demonstrated that fibrocytes enriched in culture upregulate CTGF expression in response
to Angll exposure, providing convincing evidence that fibrocytes could be contributing to
the increased expression of CTGF in the myocardium observed at 24hr of Angll
exposure. This second wave of CTGF expression also coincided with increased TGF(
expression, suggesting that this second increase in CTGF expression could be TGFf3
dependent. Supporting this claim, TGFB-dependent CTGF expression has previously

been shown in skin fibroblast cultures (267, 268).

A third mechanism by which CTGF expression is modulated is through an autoregulatory
feedback pathway in which CTGF can upregulate its own expression (261). Furthermore,
CTGEF can upregulate TGFP expression, which is consistent with our observations that
increased TGFf expression occurred concurrently with increased CTGF expression

(269).

Cumulatively, our results suggest that multiple cell types and feedback mechanisms
likely contribute to the increased CTGF expression in the myocardium after Angll
exposure. The early response to Angll is mediated by CTGF produced by
cardiomyocytes directly through Angll receptor signaling. The secondary increase in
CTGF expression, however, is mediated by combined direct Angll receptor signaling and

TGFB-dependent signaling by cardiomyocytes, resident fibroblasts and fibrocytes.
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5.5.3 CTGF Regulation of Fibrocyte Proliferation and ECM Production

The timing of CTGF expression in the myocardium suggested that CTGF plays an
important role in the early environment that leads to myocardial fibrosis following Angll
exposure. As fibrocytes are the predominant infiltrating cell type in the myocardium
after Angll exposure (214) and many fibrotic conditions feature CTGF upregulation, it
followed that CTGF may promote fibrosis by acting on fibrocytes. In our Angll model,
we demonstrated that fibrocytes in the myocardium were highly proliferative. Thus, we
believed CTGF might promote fibrosis through fibrocyte proliferation. Several studies
provide evidence supporting this theory by demonstrating that CTGF increases
proliferation in cultured fibroblasts (270, 271). We therefore investigated the effects of
CTGF on isolated fibrocytes in culture. Consistent with our in vivo findings, CTGF
exposure led to increased fibrocyte proliferation in vitro. This suggests that the increase
in CTGF production in the myocardium after Angll exposure contributed to the observed
increase in fibrocyte accumulation within the myocardium through increasing fibrocyte

proliferation.

Fibrocytes are progenitor cells that under certain conditions are capable of differentiation
into collagen producing myofibroblasts. We sought to investigate the effect of CTGF on
the maturation and differentiation of fibrocytes. We have provided evidence for the first
time that fibrocyte enriched cell culture exposed to CTGF resulted in a significant
increase in COL1A1 mRNA supporting the differentiation of fibrocytes toward an ECM
producing phenotype. In support of our observation, some investigators have shown

increased expression of ECM proteins by fibroblasts after exposure to CTGF (85, 272).
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Furthermore, there is also evidence suggesting that inhibiting CTGF in vitro is sufficient
to reduce collagen type 1 and aSMA protein production by stimulated fibroblast cell lines
and primary isolated fibroblasts, thus supporting a role for CTGF in promoting and

maintaining fibroblast differentiation and phenotype (271-273)

Taken together, our results suggest that CTGF is involved in the regulation of myocardial
fibrosis after Angll exposure. We have provided two mechanisms by which CTGF
contributes to the pro-fibrotic microenvironment: (1) increased fibrocyte proliferation
contributing to fibrocyte accumulation and (2) promoting fibrocyte differentiation into

ECM producing cells.

5.5.4 Mechanism of Action of CTGF

There has not yet been a CTGF receptor identified and, as such, the molecular
mechanisms of action continue to be investigated. Although the exact molecular
mechanisms of CTGF signaling is beyond the scope of the current manuscript, there are a
number of possible pathways that may be involved in regulation of ECM production and
cellular proliferation in response to CTGF. Separate domains of CTGF have been
suggested to be responsible for regulating proliferation or differentiation, supporting this
hypothesis (271). One possible pathway that is likely involved is the mitogen-activated
protein (MAP) kinase cascades, specifically p38, which is involved in regulating
proliferation and collagen type 1 expression (274). In fact, p38 positively regulates
COL1AL expression by primary fibroblasts and is significantly phosphorylated after cells

are exposed to CTGF (275). Moreover, exposure to CTGF results in reduced
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phosphorylation of MAP kinases, ERK1/2 and JNK, which have been suggested to
repress COL1A1 expression, resulting in increased COL1A1 expression when CTGF is
present (275, 276). Taken together, these studies suggest that activation of the p38 MAP
kinase pathway in combination with repression of the ERK1/2 and JNK pathways could

control COL1A1 expression and proliferation of fibrocytes in response to CTGF.

Anti-fibrotic intervention through blockade of CTGF has shown positive results in animal
models of skin, kidney and lung fibrosis (277-279). Potential strategies for interrupting
the effects of CTGF were thoroughly reviewed by Brigstock and have included
monoclonal antibody, antisense oligonucleotide and siRNA interventions. Preliminary
results published from recent stage 1 clinical trials suggested that a humanized anti-
CTGF antibody decreased kidney failure in a cohort of patients with diabetic nephropathy
(280). These therapeutic strategies, however, have not yet been successfully deployed in
models of myocardial fibrosis (281). We have provided support for a pro-fibrotic role for
CTGF in the development of myocardial fibrosis after Angll exposure. While CTGF
appears to contribute to the proliferation of fibrocytes after Angll exposure, it may not
regulate the initial influx of fibrocytes into the myocardium. Consequently, CTGF
inhibition may not entirely block the development of myocardial fibrosis. At the same
time, CTGF may still present a therapeutic target for reducing fibrosis in cardiac diseases,

although its inhibition requires further evaluation.
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Figure 5.1 Fibrocyte Infiltration

Chimeric animals with transplanted GFP+ bone marrow cells received saline (A, B, C, D)
or Angll for 3d (E, F, G, H). Areas containing infiltrating cells were identified by H&E
stain (A, E) and characterized by immunofluorescent staining for GFP (B, F) and aSMA
(C, G). Merged images of green and red channels show dual staining indicating
GFP+/aSMA+ cells in the area of infiltration (D, H). Images were captured at 25X and

100X, with representative images shown. n=3.
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Figure 5.2 Fibrocyte Mobilization
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Animals received saline as a control or AnglI for 3d and bone marrow (BM) and

peripheral blood mononuclear cells (PBMCs) were isolated for assessment of CD45 and

vimentin presense by flow cytometry (A). Quantification of relative levels of vimentin+

cells within the CD45+ population in bone marrow and peripheral blood is shown (B).

n=5; *p<0.05.
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Figure 5.3 CTGF and TGFp Production

qRT-PCR was used to assess myocardial expression for CTGF (A), TGFf (B) and the
early expression compared (C). Transcript levels are reported relative to housekeeping
gene ribosomal 18S (n=8). Immunoblotting was used to determine CTGF and B-tubulin
protein production in whole myocardium. A representative blot with 3 samples in each
experimental group (Angll; lanes 1-3 and saline; lanes 4-6) is shown (D). CTGF protein
was semi-quantified relative to the housekeeping protein f-tubulin (E) (n=6).

Immunohistochemistry was used to localize CTGF within the myocardium.
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Representative sections from animals treated with AnglIl for 3d (F) or saline as a control

(G) are shown. Images were captured at 40x. *p<0.05.
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Figure 5.4 Cardiomyocytes Produce CTGF

Cardiomyocytes were isolated from neonatal mice. Purity was assessed using CTnl
staining by flow cytometry (A) and immunofluoresence with nuclei counterstained with
Hoescht (B). Cultured cardiomyoctes were stimulated with AnglI or saline control for
6hr. CTGF mRNA expression was assessed by qRT-PCR and compared to the

housekeeping gene 18S (C). Images were captured at 63x. n=8; *p<0.05.
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Figure 5.5 Isolated Fibrocytes Produce CTGF

Fibrocytes were isolated from the myocardium of mice exposed to Angll for 3d. Purity
was assessed by immunofluoresent staining for CD45+/Coll+ with nuclei counterstained
with Hoescht (A). Purity was quantified by calculating the percentage of CD45+/Coll+
cells relative to the total number of nuclei (B). Isolated fibrocytes were stimulated with
Angll or saline control for 6hr. CTGF mRNA expression was assessed by qRT-PCR and
compared to the housekeeping gene 18S (C). Images were captured at 63x. n=5;

*p<0.05, **p<0.01.
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Figure 5.6 Fibrocytes Proliferate in Response to CTGF

Immunohistochemistry was used to identify Ki67 positive cells within the myocardium of
animals exposed to AnglII (A) or saline control (B) for 3d. Isolated fibrocytes were
exposed to CTGF or vehicle control for 24hr. Proliferation was assessed by counting
cells positive for immunofluorescent staining of Ki67 relative to the number of nuclei in
5 fields of view per sample captured at 25x (C) and MTT assay (D). Representative

images were captured at 40x. n=6; *p<0.05.
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Figure 5.7 Fibrocytes Differentiate/ECM is Produced in Response to CTGF

Isolated fibrocytes were exposed to Angll, CTGF or vehicle control for 6hr. The
COLI1AL1 transcript expression was assessed by qRT-PCR relative to housekeeping gene
18S (A) (n=6). PBMCs were enriched for fibrocytes in media containing CTGF or
vehicle control and maintained in culture for 1 or 14d. Immunofluorescent staining for
aSMA and CD133 was done and the area of positive staining was normalized to the total

number of nuclei positive and reported as a ratio of aSMA/CD133 staining from 5 fields

CTGF
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of view per sample captured at 25x. n=4; *p<0.05.
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CHAPTER 6

MYOCARDIAL MIGRATION BY FIBROBLAST PROGENITOR
CELLS IS BLOOD PRESSURE DEPENDENT IN A MODEL OF

ANGII MYOCARDIAL FIBROSIS

NL Rosin**, MJ Sopel*, A Falkenham**, TL Myers**, JF Légaré

Hypertension Research.2012. epub:doi: 10.1038/hr.2011.217

" Author contributions are clearly outlined in Appendix 2.
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6.1 Abstract

Introduction: Activation of the renin angiotensin system (RAS) is believed to promote
myocardial fibrosis. However, it is unclear if these physiological responses result from
chronic hemodynamic stress or via direct cellular signaling. Methods: Male C57B/6 mice
were randomly assigned to receive Angll (2.0mg/kg/min), Angll+Hydralazine
(6.9mg/kg/min), or saline (control) via osmotic pumps for 7d. Blood pressure was
measured via non-invasive plethysmography. Hearts were harvested and processed for
analysis. Cellular infiltration and collagen deposition were analyzed using histologic
staining. Molecular mediators were assessed using quantitative RT-PCR. Results: As
previously described, animals that receive Angll developed hypertension and multifocal
cellular infiltration by SMA/CD133" fibroblast progenitors followed by collagen
deposition. The co-administration of hydralazine with Angll completely inhibited the
hypertensive effects of Angll (p<0.01), resulted in minimal cellular infiltration and
minimal collagen deposition. These findings were in the context of persistent RAS
system activation seen by elevation in serum aldosterone levels in Angll and
hydralazine+Angll animals when compared to saline. At the molecular level, infusion of
Angll resulted in the significant upregulation of pro-fibrotic factors (CTGF-7.8+0.7 fold),
pro-inflammatory mediators (TNFo-4.6+0.8 fold; IL-1B-6.4+2.6 fold) and chemokines
(CCL2-3.8+1.0 fold; CXCL12-3.2+0.4 fold), which were inhibited when hydralazine was
also infused. Conclusions: We provide evidence that myocardial infiltration by fibroblast
progenitor cells and resulting fibrosis secondary to Angll can be prevented by the

addition of hydralazine. Furthermore the beneficial effects of hydralazine were observed
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while maintaining RAS activation suggesting that the mechanism of fibrosis is blood

pressure dependent.

6.2 Introduction

There is growing evidence that the renin-angiotensin system (RAS), specifically
angiotensin II (Angll), is implicated in the development of myocardial fibrosis, a
common pathological feature of many cardiovascular conditions (5, 81, 282, 283). RAS
activation and increased levels of Angll can be seen in patients with cardiovascular
diseases that include atherosclerosis, hypertension, cardiac hypertrophy and heart failure
(5, 20, 21). Conversely, inhibition of RAS activation with angiotensin receptor blockade
has been shown to significantly improve patient survival and limit the progression of

cardiac remodeling and heart failure (186).

Investigations in small animals have confirmed that Angll exposure can result in
myocardial fibrosis (7, 11, 12, 187, 191, 193, 194, 284). Such experiments have
supported a direct relationship between RAS activation via Angll and fibrosis. As such,
animal models of fibrosis using Angll have proven very helpful in understanding some of
the molecular events leading to the development of fibrosis. However, Angll is also a
potent vasoconstrictor capable of significant hypertension (HTN) making it difficult to
dissociate the effects of HTN versus Angll on the myocardium. In fact the mechanism
responsible for remodeling as a result of HTN or RAS activation has been a longstanding

debate (11, 285).
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Using a mouse model of Angll infusion, our laboratory has been able to characterize the
early molecular and cellular events occurring in the myocardium within 1 week of
exposure to Angll. We have shown that animals exposed to AnglI develop hypertension
and early infiltration (1d) by fibroblast progenitor cells called fibrocytes (214). We, and
others, have also provided evidence that strategies that limit the migration of fibrocytes

inhibits the development of fibrosis supporting an effector role for these cells.

In the present manuscript we have utilized our experience with Angll infusion model to
better characterize early events in the development of fibrosis. Specifically we evaluated
the effects of RAS activation in the absence of hypertension using the anti-hypertensive
drug hydralazine, which acts on smooth muscle cells as a vasodilator independent of the

RAS system.

6.3 Materials and Methods

6.3.1 Animals

All work was approved by Dalhousie University’s University Committee on Laboratory
Animals. Male C57BL/6 mice ranging from 7 to 8 wk of age were purchased from
Jackson Laboratory (Bar Harbour, ME) and were housed within the Medical Sciences
Animal Care Facility at Dalhousie University. Mice were provided food and water ad
libitum for 1 wk prior to experimentation. Animals were anesthetized with isoflurane
(Baxter Healthcare Corp., New Providence, NJ) in oxygen delivered by a Fortec
vaporizer. When surgical levels of anesthesia were reached a 1-2 cm mid-scapular skin
incision was made and a mini osmotic pump (Alzet, Palo Alto, CA) was inserted

subcutaneously. The incision was closed using 7mm wound clips. Animals were
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randomly assigned to receive; Angll (n=10, 2.0 pg/kg/min, Sigma Aldrich, Oakville
ON), Angll and hydralazine (n=4, 6.9 pg/kg/min, Sigma Aldrich) or a vehicle control of
saline (n=10). The pumps remained in for 7d during which the animals were provided
with food and water ad /ibitum and observed for signs of morbidity. Prior to
euthanization, blood pressure measurements were taken via the Coda2 non-invasive cuff
system (Kent Scientific, Torrington, CT) for a minimum of 5 consecutive measurements
per animal. Experience in our laboratory and findings from others have shown that blood
pressure measurements taken at completion of the experiment reflect changes that have
been stable over several days supporting our approach to measure blood pressure at 7 d
(286, 287). Animals were then anesthetized, blood was collected and the hearts were
harvested and divided along the short axis into 3 portions including the base, middle and
apical sections. The base portion was processed for histological examination while the

other two portions were snap frozen immediately for molecular analysis.

6.3.2 ELISA for Aldosterone

Collected blood was allowed to clot at room temperature and the serum was collected
after the sample was centrifuged at 600g for 10min. Samples were aliquoted and stored
at -80°C until required for ELISA assay. Serum aldosterone levels were assessed using a
standard ELISA kit (Cayman Chemical Company, Ann Arbor, MI) as per manufacturers
instructions. Briefly, serum samples were diluted 1:4 and plated out in triplicates along
with recommended controls. The plate was covered and incubated for 18hrs at 4°C. The
plate was then developed for 1.5hrs while shaking and then read at 420nm. Total

concentrations for each sample were calculated, averaged and compared between groups.
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6.3.3 Histological Analysis

Hearts were fixed in 10% formalin, paraffin embedded and serially sectioned (5um).
Basic myocardial histology and cellular infiltration were examined using heart cross-
sections stained with H&E. A blinded observer quantified Infiltrating cells by counting
the number of grids affected within an image of an entire heart cross section at 5x
magnification (1 section per animal) based on a previously published grid-scoring

method, to quantify the degree of cellular infiltration between groups (214).

6.3.4 Collagen Deposition

Collagen detection was accomplished using Sirius red and fast green stains, and
quantified as previously described (214). Briefly, slides were examined under a
microscope with the 10X objective and areas of collagen deposition were captured with a
digital camera. Image analysis software was used to quantify the amount of tissue
positive for Sirius red. Four images per sections from each individual animal were

averaged and experimental groups compared to control animals.

6.3.5 Immunohistochemistry

Immunohistochemistry for CD133 (Abcam), a-smooth muscle actin (SMA; Sigma), and
Ki67 (Sigma) was performed as previously described (214). Briefly, endogenous
peroxidases and non-specific staining were blocked to prevent non-specific staining.
Sections were incubated with the relevant antibody followed by the relevant biotin-
conjugated secondary antibody (Vector, Burlington, ON, Canada). The antibody
complexes were then conjugated to an Avidin-biotin complex (Vecstastain ABC kit;

Vector) and developed using 3,3' diaminobenzidine as the chromogen (DAB,
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DakoCytomation). Light microscopy was performed; pictures were captured and

analyzed in Adobe Photoshop 5.0.

6.3.6 Relative Quantitative Polymerase Chain Reaction (QRT-PCR)

Using the TRIzol reagent (Gibco-BRL, Gaithersburg, MD), RNA was isolated from the
snap frozen myocardium as per the manufacturer’s protocol. First strand cDNA was
synthesized from 1 pg of total RNA using iScript cDNA Synthesis Kit (Biorad. Hercules,

CA).

Relative quantitative RT-PCR (qRT-PCR) was completed using 12.5 ng of input cDNA
with 0.5 uM of each of the forward and reverse primers and 1x iQ SYBR Green
Supermix (Bio-Rad) was subjected to qRT-PCR using iQ Multicolour Real-Time PCR
Detection System thermocycler (Bio-Rad). Standard curves, for efficiency, and no-
template control samples were run along with the samples during thermocycling. A
melting curve was performed after thermocycling was complete to ensure target
specificity. The primers were designed against the mRNA sequence of selected growth
factor or cytokine and shown in table 6.1. Expression was normalized to the 18S

ribosomal gene using the Pfaffl method.

6.3.7 In Vitro — Primary Fibroblast Isolation and Proliferation Assay

Mouse skin fibroblasts were isolated from ear clippings. Clippings were mechanically
diced and enzymatically digested with Collagenase type II (1.63mg/mL in Dulbeco’s
modified essential media) for 30min at 37°C with 5% CO; (Invitrogen, Burrlington ON).

Isolated cells were plated on 0.1% gelatin (Sigma) coated tissue culture flasks and
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allowed to grow to 80% confluence prior to use. All assays were done using isolated

cells before 5 passages.

BrdU assay for assessment of relative proliferation was completed according to the
manufacturer’s protocol (Millipore, Billerica MA). In brief, primary fibroblasts were
plated on 96-well culture plates, allowed to adhere overnight and serum starved for 24
hours prior to treatment. Cells were then treated with either saline as a control, Angll
(100nM), Hydralazine (40nM) or Angll + Hydralazine for 6 hours, at which point BrdU
reagent was added to the culture plate. After 24 hours from the time of treatment plates
were fixed, dried and stored at 4°C until analysis. Plates were then incubated with
primary anti-BrdU antibody, washed, incubated with secondary biotin conjugated anti-

goat antibody, washed, incubated with substrate then stopped and read at 490nm.

6.3.8 Statistical Analysis

One-way ANOVA tests were completed on all quantitative data using the Newman Keuls
post-test to compare the experimental groups to the saline control. Our level of
significance was set as p < 0.05. All statistical calculations were computed using

GraphPad Prism 4 software.

6.4 Results

6.4.1 Model Establishment

Animals were randomly assigned to 3 experimental groups and infused with: a) Angll

(2.0 pg/kg/min, n=10); b) Angll with Hydralazine (6.9 mg/kg/min; n=4); or c) saline
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(control, n=10). Infusion of Angll, a known vasoconstrictor, resulted in a significant
increase in mean arterial blood pressure when compared to saline control (Fig. 6.1). Co-
administration of Angll with Hydralazine allowed normalization of the blood pressure to
levels similar to saline control animals (Fig. 6.1A). Furthermore, hydralazine also
inhibited the myocardial hypertrophic effects of Angll as Angll+hydralazine animals had
a significantly lower heart wt/body wt ratio (Fig. 6.1B), which was comparable to saline
controls (Angll (6.7 = 0.3mg/g), Angll+Hydralazine (5.7 = 0.2mg/g), Saline: (5.2 =
0.2mg/g)). Serum levels of aldosterone were evaluated using a standard ELISA and
showed that Angll and Angll+hydralazine had elevation in serum aldosterone levels
when compared to saline controls though significance was not reached (Fig. 6.1C). Taken
together our findings suggest that the hypertensive effects of Angll can be controlled
with the anti-hypertensive hydralazine while maintaining RAS activation creating a

model to look at the early cellular and molecular events occurring in these animals.

6.4.2 Myocardial Fibrosis

The degree of myocardial fibrosis in experimental animals was determined by
quantifying the collagen depositions within the myocardium using heart sections stained
with Sirius red as previously described (214). Angll infusion resulted in multi-focal
areas of extensive collagen deposition compared to saline infused control animals (p <
0.01; Fig. 6.2 A,B). When Hydralazine was also infused, there was a significant
reduction in collagen deposition evident within the myocardium that approached levels
seen in saline control expressed as a percent surface of an area of myocardium affected (p

<0.01; Fig. 6.2 C,D). These findings were confirmed by showing significant transcript
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up-regulation for collagen-1 in Angll animals (103.0 + 36.2 fold) with levels returning to

baseline when hydralazine was co-administered (p<0.01; Fig. 6.2 E).

6.4.3 Cellular Infiltration

Previous work from our laboratory has shown that myocardial fibrosis is temporally
preceded by infiltration of fibroblast progenitor cells within the myocardium (214). In the
present experiments, Angll exposure resulted in multi-focal areas of cellular infiltration
and myocyte loss when compared to saline control (Fig. 6.3 A,B). When animals were
given Angll in combination with hydralazine minimal cellular infiltration could be
identified after 7d of exposure (Fig. 6.3 C). We have adapted a grid-scoring method to
quantify the degree of cellular infiltration between groups confirming that significant
myocardial cellular infiltration is evident in Angll exposed animals and this is inhibited
by hydralazine (p <0.01; Fig. 6.3D). Cells seen infiltrating the myocardium were
mononuclear in appearance with no evident polymorphonuclear cells.
Immunohistochemistry was used to confirm that a significant proportion of the cells seen
in Angll exposed animals were SMA'/CD133" fibrocytes as previously published (Fig
6.4) (214). In contrast, animals that received both Angll and hydralazine had minimal
infiltration by SMA'/CD133" cells. Taken together our findings confirm that myocardial
fibrosis is dependent on the accumulation of SMA/CD133" fibrocytes prior to ECM
deposition and that this observation is blood pressure dependent given that hydralazine

can inhibit this response.
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6.4.4 Myocardial Pro-Fibrotic Cytokine Environment

Transcript levels of a well-known pro-fibrotic factor, connective tissue growth factor
(CTGF) were significantly increased after Angll exposure (7.8+0.8 fold) in the
myocardium at 7d (p=0.008; Fig 6.5). The co-administration of Angll with Hydralazine
resulted in a significant reduction in CTGF back to baseline levels seen in saline control
animals (Fig 6.5). Similar findings were observed for the pro-inflammatory cytokines
TNFa (4.6+0.8 fold) and IL1b (6.4+2.6 fold) in animals receiving AnglI and return to

baseline in animals co-administered Angll+hydralazine (p<0.05; Fig. 6.5).

6.4.5 Myocardial Chemokine Expression Associated with Fibrocyte Migration

To investigate factors in the environmental milieu that may be recruiting the infiltrating
cells we used relative QRT-PCR to assess the transcript levels of chemotactic cytokine for
fibroblast progenitor cells, CXCL12 and CCL2 (60, 219). There was a significant
increase in CXCL12 mRNA (3.2+0.4 fold; p=0.008) expression compared to the baseline
expression of the normalized housekeeping gene in the myocardium of animals exposed
to Angll at 7d (Fig. 6.6). Similarly there was a significant increase in CCL2 mRNA
expression in the myocardium of Angll exposed animals (3.8+1.0 fold; p=0.015). The
addition of hydralazine resulted in complete inhibition in the up-regulation in CXCL12

and CCL2 in the myocardium to levels seen in control animals (Fig. 6.6).

6.4.6 Effect of Hydralazine at the Cellular Level

The effects of hydralazine, other than those resulting from vasodilation and blood
pressure reduction were also investigated. We first looked at the induction of the

transcription factor hypoxia inducible factor 1 (HIF1), which has been suggested as a
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down-stream effector of hydralazine. Transcript levels, measured by qRT-PCR were
significantly increased after 7d of Angll exposure (5.0+0.8 fold; p=0.016), however when
hydralazine was administered in combination with Angll, the level of HIF1 were not

elevated but were similar to baseline levels seen in control animals (Fig. 6.7).

Previous work by us has shown that in areas of myocardial infiltration by fibrocytes a
significant number of these cells are proliferating (214). We therefore investigated the
effects of hydralazine on proliferation both in-vivo and in-vitro. As previously described
infiltrating SMA/CD133" cells were shown to have a high proliferative index as
demonstrated by strong positivity for Ki67 after Angll exposure. In contrast, animals that
received both Angll and hydralazine had a significant reduction in the positivity for Ki67
suggesting that hydralazine may affect proliferation of fibrocytes (Fig 6.8). To confirm
these findings we used an in vitro assay with primary fibroblasts looking at the relative
proliferation of primary fibroblast cultures as determined by BrdU incorporation. Our in-
vitro findings suggested a significant reduction from saline (30.6%) in the relative
proliferation of fibroblasts after hydralazine exposure with or without AnglI (Fig. 6.8).
Similar findings were obtained with MTT assay (results not shown). Taken together,
hydralazine may have some effects at the cellular level, which could modulate the

development of fibrosis and are independent of blood pressure reduction.

6.5 Discussion

Angll infusion models have been well described and are known to result in increased

blood pressure, myocardial hypertrophy and a characteristic ECM deposition within the
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myocardium typical of myocardial fibrosis (60, 88, 288). In the present mouse model
used, the physiological response to Angll resulted in blood pressure elevation with the
early development of myocardial hypertrophy within 7 days of exposure. Using this
model we then attempted to create a situation in which RAS upregulation via Angll
infusion was maintained without the resulting hypertension by the addition of

hydralazine.

Hydralazine was chosen based on its anti-hypertensive properties that result in lower
blood pressure in a dose dependent manner while not acting on Angll receptors (289,
290). In animals that received Angll+hydralazine, RAS upregulation was demonstrated
by evidence of significant serum elevation in aldosterone levels a downstream mediator
and marker of RAS activation. Our primary observation using this model was that the
addition of hydralazine to AnglI resulted in normalization of blood pressure and
inhibition of fibrosis normally seen in animals receiving Angll. Taken together, Angll
and its effects on promoting myocardial fibrosis appear at least in part blood pressure

dependent.

Work from our laboratory and others have recently identified bone marrow derived
fibroblast progenitor cells as the primary cells recruited to the myocardium prior to the
development of fibrosis (24, 214). We were able to show minimal infiltration by
SMA/CD133" fibrocytes in animals receiving Angll+hydralazine when compared to
animals receiving Angll. These findings support a direct relationship between cell

migration and the development of fibrosis. Characterizing fully the mechanism by which
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Angll results in myocardial fibrosis extends well beyond the scope of this manuscript.
However, using our model in which RAS up-regulation was maintained without
hypertension we did explore key pathways characteristically described as potentially
being involved in promoting fibrogenesis. We have chosen to look at CTGF as a pro-
fibrotic cytokine based on evidence that it is produced by cardiomyocytes providing a
direct mechanism by which AnglI act directly on myocardium and promote a pro-fibrotic
environment. Angll has been shown to increase CTGF expression within the myocardium
and specifically in cardiomyocyte in-vitro (260, 264). CTGF also appears to be capable
of inducing both pro-fibrotic and pro-inflammatory gene expression in cultured
cardiomyocytes (291). In fact CTGF has been suggested to be the primary mediator of
Angll-induced myocardial fibrosis (265). Our findings suggest that CTGF that is
significantly up-regulated in Angll exposed animals was completely inhibited by the
administration of hydralazine. Similar findings were observed with classically described
pro-inflammatory cytokines TNFa and IL1b. While we provide no direct evidence that
hydralazine inhibits the production of these cytokines we provide strong evidence of an
association between early fibrocyte migration and pro-fibrotic cytokine production in the

myocardium.

Interactions between chemokines and their respective receptors have emerged as key
mechanisms in the directed migration of leukocytes and also fibrocytes (87, 292-295).
Fibrocytes have been traditionally shown to express the chemokine receptors CCR7 and
CXCR4 (208, 218, 220). Recently, Haudek et al. was able to show that CCR2 plays a

critical role in regulating fibrocyte migration in a model of myocardial fibrosis (24).
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Using CCR2”" animals, they were able to show a significant reduction in AngII
dependent fibroblast progenitor cell migration (fibrocytes) and a reduction in fibrosis. In
the present manuscript we did not attempt to modulate fibrocyte migration using specific
blockade of chemokines. However, our findings support previous work by others that
have suggested a key role for CXCL12 and CCL2 in regulating fibrocyte migration and

accumulation (24).

It is generally assumed that fibroblasts and myofibroblasts are the cells responsible for
ECM deposition. As such there is a large body of literature that supports the direct effects
of Angll, via the AT1 receptor that can promote fibroblast proliferation, myofibroblast
differentiation and fibrosis (191-194). We provide evidence that Angll interaction with
its receptor may be sufficient but not necessary to result in fibrosis. Our findings are in
keeping with others that have suggested that the effects of Angll on fibrosis are blood
pressure dependent (260, 289, 290). Some have even suggested that blood pressure can
affect the migration of fibrocytes (CD45/SMA") into the myocardium but were also
unable to provide a definitive mechanism (290). In contrast transgenic mice that over-
express AT1a receptor and develop hypertrophy and fibrosis do so without developing
hypertension emphasizing the multifactorial pathways capable of promoting ECM
deposition and fibrosis (296). However their findings were based on transgenic mice that
have abnormal RAS regulation based on over-expression of only the AT1 receptor. Data
from spontaneously hypertensive models suggest that hydralazine was unable to inhibit
fully the development of fibrosis but these findings can be explained by mechanisms

independent of RAS activation (297).
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In contrast to our findings in the present manuscript, there are examples in the literature
where a reduction in blood pressure to normo-tensive levels did not abrogate organ
damage, suggesting that fibrosis may under certain circumstances be blood pressure
independent (297, 298). However, some of these studies had other important differences
that one should take into consideration, such as the presence of metabolic syndrome using
genetically mutated mouse, where obesity, dietary supplementation, glucose intolerance
and hyperinsulinemia likely contributed to end organ damage (297). The same can be
said for a model combining aldosterone administration, uninephrectomy and a high salt
diet, in which increased load on the remaining kidney likely contributed to organ damage
(298). Furthermore, hydralazine has traditionally been administered in the drinking water,
whereas in the current study we have used a more direct administration of hydralazine
through an osmotic mini-pump, providing a constant dosage over time (298, 299). While
not tested, our approach may have resulted in a potentially higher effective dose as the

drug is delivered more directly to the circulation.

Some experimental studies have shown a beneficial effect of mineralocorticoid antagonist
in reducing myocardial fibrosis that was suggested to be independent of blood pressure
effects. These have been explained by reductions in myocardial oxidative stress
suggesting that oxidative stress may be the common pathway by which AnglI activation
and hypertension can lead to myocardial fibrosis (300, 301). While we did not
specifically look at oxidative stress, our findings would suggest that aldosterone up-

regulation may not be sufficient to result in fibrosis given the absence of fibrosis in
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Angll+hydralazine animals who did have increased levels of aldosterone in their serum.
Finally one needs to consider mechanisms of action of hydralazine other than its anti-
hypertensive effects that may have resulted in its beneficial role in reducing fibrosis. One
of these mechanism has recently been suggested in which hydralazine may be able to
induce hypoxia-inducible factor-1 (HIF-1) which in turn can effect multiple genes as a
transcription factor that mediates adaptive responses in response to injury such as
ischemia (302, 303). Our findings support a significant up-regulation of HIF-1 with
Angll exposure, however when co-administered with hydralazine there was a return of
HIF-1 to baseline levels. Using our data it is not possible to conclude that hydralazine is
any direct effect on HIF-1. We can only conclude that in animals without hypertension or
myocardial histologic changes that are receiving Angll + hydralazine there appears to be

no significant up-regulation in the mRNA of HIF-1.

In the present manuscript we attempted to separate RAS activation from hypertension in
trying to identify potential mechanisms for the development of myocardial fibrosis. The
reason for this is that the downstream effects of RAS activation leading to myocardial
fibrosis are not fully characterized. Clinical trial published to date using RAS blocking
agents, such as angiotensin receptor blockers and angiotensin converting enzyme
inhibitors, have established a clear benefit for patients with significant reductions in the
number of adverse cardiac events (11, 186). This is in contrast to clinical studies that
have used hydralazine and achieved similar reduction in blood pressure, but failed to
offer the same clinical benefit as RAS inhibition (304-306). In the present manuscript we

provide no explanation for this discrepancy. Taken together, this would suggest that
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blood pressure reduction might not be the sole factor influencing myocardial events such
as fibrosis. Data obtained in the present study would support the notion that while fibrosis
appears in part dependent on blood pressure elevation, the anti-fibrotic properties of
hydralazine may extend beyond its anti-hypertensive effects. We observed a reduction in
fibrocytes or fibroblast proliferation in response to hydralazine both in vivo and in vitro.
Although discerning the cellular mechanism responsible for this anti-proliferative
response is beyond the scope of this manuscript, this suggests that regulation other than

the vasodilator effects of hydralazine should be considered.

In summary, we provide evidence that the effects of Angll on the development of
myocardial fibrosis, appears to be at least in part blood pressure dependent. While we
also provide evidence that blood pressure elevation seems necessary for early fibrocyte
migration and the development of a pro-fibrotic environment the mechanisms for this is

unclear at present.
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Table 6.1 Primer Sequences of Target Genes

Gene Symbol Forward Primer

CCL2 CCAGCCAACTCTCACTGAAGC
Col1a1 GTGGAGGGAGTTTACACGAAGC
CTGF TCAACCTCAGACACTGGTTTCG
CXCL12 GTAGAATGGAGCCAGACCATCC

IL1B TCCTCGGCCAAGACAGGTCGCT

Reverse Primer

AGCTCTCCAGCCTACTCATTGG

GTGGAGGGAGTTTACACGAAGC
TAGAGCAGGTCTGTCTGCAAGC
ATTCGATCAGAGCCCATAGAGC

CCCCCACACGTTGACAGCTAGGT

TNFa TCTCATGCACCACCATCAAGGACT ACCACTCTCCCTTTGCAGAACTCA

HIF-1 AACAGTCCCTCTGTAGTTGTGG

TAGCGACAAAGTGCATAAAACC

18S TCAACTTTCGATGGTAGTCGCCGT TCCTTGGATGTGGTAGCCGTTTCT
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Figure 6.1 Establishing the Model

Hemodynamic measurements were taken via tail cuff (7d) and compared between groups
with systolic blood pressure findings shown as mean+SD (A). Cardiac mass index was
expressed as heart weight/body weight ratio at 7d (B). Serum levels at 7d of aldosterone

were measured by ELISA and expressed as pg/ml (C). **p<0.01.
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Figure 6.2 Myocardial Fibrosis
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Collagen deposition in heart sections from experimental groups was assessed using a

standardized Sirius red and fast green stain. Representative sections are shown from

control animals (A), 7d Angll exposed animals (B), and 7d Angll+hydralazine exposed

animals (C). Collagen in the heart sections was quantified using image analysis software

and expressed as the percent area affected (D). Collagen deposition was also quantified

using whole heart extracts and processed for qRT-PCR for the pro-Collagen-1 (E).

Images were captured at 25X. **p<0.01, *p<0.05.
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Figure 6.3 Cellular Infiltration

Hearts stained with H&E from control animals receiving saline (A), Angll for 7d (B) or
Angll+hydralazine for 7d (C). Quantification of infiltrating cells was performed using a
modified grid analysis technique comparing the number of grids affected from a
representative cross section of the myocardium (heart) taken at low power (5x

magnification) from each group (D). Images were captured at 25X. **p<0.01.
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Figure 6.4 Immunohistochemistry Staining

Immunohistochemistry for CD133 (A, C, E) and SMA (B, D, F) was used to identify
positive cellular infiltrate in heart sections. Representative sections from control animals
receiving saline (A, B), Angll for 7d (C, D) and Angll+hydralazine for 7d (E, F) are

shown. Images were captured at 63X.
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Figure 6.5 Pro-Fibrotic Micro-Environment
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qRT-PCR was used to assess myocardial expression for CTGF (A), TNFa (B) and IL-1b

(C) transcript levels relative to housekeeping gene. **p<0.01, *p<0.05.
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Figure 6.6 Chemokine Expression

qRT-PCR was used to assess myocardial expression of CXCL12 (A) and CCL2 (B)

transcript levels relative to housekeeping gene (E). **p<0.01, *p<0.05.
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Figure 6.7 Transcription Factor Expression

qRT-PCR was used to assess myocardial expression of HIF-1 transcript level relative to

housekeeping gene. *p<0.05.
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Figure 6.8 Cellular Effects of Hydralazine

Immunohistochemistry for Ki67 was used to illustrate the proliferative index of
infiltrating fibrocytes. Representative sections from animals receiving saline (A), Angll
(B) or AnglI + Hyd (C) are shown. Images were captured at 63x. The BrdU assay for
proliferation was used on primarily isolated fibroblasts after exposure to; Saline, Angll,
Hydralazine (Hyd), or Angll + Hyd (D). Relative proliferation was expressed as fold

increase compared to serum free media (SFM). *p<0.05.
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7.1 Abstract

Introduction: Myocardial fibrosis contributes to the development of heart failure.
Activated Protein C (aPC) is a circulating anticoagulant with anti-inflammatory and
cytoprotective properties. Using a model of myocardial fibrosis second to Angiotensin I1
(Angll) infusion, we investigated the novel therapeutic function aPC in the development
of fibrosis. Methods and Results: C57Bl/6 and Tie2-EPCR mice were infused with Angll
(2.0pg/kg/min), Angll and aPC (0.4pg/kg/min) or saline for 3d. Hearts were harvested
and processed for analysis or used for cellular isolation. Basic histology and collagen
deposition were assessed using histologic stains. Transcript levels of molecular mediators
were analyzed by quantitative RT-PCR. Mice infused with AnglI exhibited multifocal
areas of myocardial cellular infiltration associated with significant collagen deposition
compared to saline control animals (p<0.01). AnglI-aPC infusion inhibited this cellular
infiltration and the corresponding collagen deposition. AnglI-aPC infusion also inhibited
significant expression of the pro-fibrotic cytokines TGF-f1, CTGF and PDGF found in
AngllI only infused animals (p<0.05). aPC signals through its receptor, EPCR. Using
Tie2-EPCR animals, where endothelial cells over-express EPCR and exhibit enhanced
aPC-EPCR signaling, no significant reduction in cellular infiltration or fibrosis was
evident with Angll infusion suggesting aPC-mediate protection is endothelial cell
independent. Isolated infiltrating cells expressed significant EPCR transcripts suggesting
a direct effect on infiltrating cells. Conclusions: This data indicates that aPC treatment
abrogates the fibrogenic response to Angll. aPC does not appear to confer protection by
stimulating the endothelium but by acting directly on the infiltrating cells, potentially

inhibiting migration or activation.
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7.2 Introduction

Myocardial fibrosis is a common sequelae associated with many cardiovascular diseases
and is characterized by the accumulation of excess extracellular (ECM) proteins within
the myocardial tissues (5). While initially the ECM deposition occurs in response to
injury and is beneficial, it can become pathologic (5). The lack of regression in this ECM
deposition in the tissue is the hallmark of myocardial fibrosis that ultimately results in
irreversible organ failure (5). Current pharmacological agents used to treat

cardiovascular disease do not abrogate or reverse myocardial fibrosis (307).

The etiology of myocardial fibrosis is multifactorial. It is associated with cellular and
structural changes including the recruitment/proliferation of effector cells, apoptosis of
myocytes and the accumulation and rearrangement of structural fibers (5, 214, 308).
Using the well-established Angll infusion model of myocardial fibrosis, we have
previously investigated the early events in this process (214, 228). Infusion of Angll in
this model results in rapid infiltration of fibroblast progenitor cells, termed fibrocytes.
Fibrocytes, which are a progenitor cell type originating from an early monocyte lineage,
can produce both pro-inflammatory mediators as well as pro-fibrotic factors (24, 214,
228). They are believed to be capable of bridging an initial inflammatory response to a
later corresponding fibrotic response (221, 222). Fibrocyte infiltration is followed by a
loss of functional myocytes and an accumulation of extracellular matrix proteins within

the myocardial tissue resulting in the development of myocardial fibrosis (24, 214, 308).
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In a mouse model of bleomycin induced lung fibrosis, where fibrocytes have been shown
to be a key effector cell, administration of activated Protein C (aPC) decreased cellular
infiltration and reduced tissue fibrosis (196, 309). aPC is a serine protease that acts as a
naturally produced anticoagulant by cleaving Factor Va and VIlla, which inhibits
thrombin formation (310). Recently, aPC has been shown to have anti-inflammatory and
cytoprotective activities as well (311-313). The administration of aPC confers protection
against sepsis and ischemia/reperfusion injury in kidney, skeletal muscle, skin grafts and
myocardium (311, 313-318). These protective effects are believed to be due to the
decreased vascular expression of cellular adhesion molecules; downregulation of pro-
inflammatory mediator expression; the improvement of microvascular circulation and
endothelial barrier function; and upregulation of survival signaling pathways (130, 319-
322). aPC also appears to have direct beneficial effects on the myocardium such that
individuals with a genetic defect within the aPC signaling pathway have an increased risk
of cardiovascular events including myocardial infarcts (323, 324). However, the benefits
of aPC have yet to be tested in models of myocardial fibrosis in the absence of ischemia

reperfusion.

These data suggested to us that aPC administration might modulate the myocardial
response to elevated circulating Angll and potentially confer protection against the

development of fibrosis secondary to Angll exposure.
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7.3 Materials and Methods

7.3.1 Animals

All work was performed in accordance with the Canadian Council on Animal Care and
was approved by Dalhousie University’s University Committee on Laboratory Animals
(REB #2007-1534). Male C57BL/6 (Jackson Laboratory; Bar Harbour, ME) and Tie2-
EPCR (generously provided by Dr. Charles Esmon, University of Oklahoma Health
Science Centre, OK) mice ranging from 8-9wk old. Mice were provided food and water
ad libitum for at least 1wk prior to experimentation. Animals were anesthetized with
isoflurane (Baxter Healthcare Corp., New Providence, NJ) in oxygen delivered by a
Fortec vaporizer. When surgical levels of anesthesia were reached a 1-2cm mid-scapular
skin incision was made and a mini osmotic pump (Alzet, Palo Alto, CA) was inserted
subcutaneously. The incision was closed using 7mm wound clips. Animals were
randomly assigned to receive Angll (2.0 pg/kg/min, Sigma Aldrich, Oakville ON), Angll
and aPC (0.4pg/kg/min, Sigma Aldrich), Angll and Heparin (200U/kg bolus injection at
initiation and 70U/kg/hr, MedXL, Montreal, QC) or a vehicle control of saline. The
pumps remained in for 3d during which the animals were provided with food and water
ad libitum and observed for signs of morbidity. Prior to euthanization, blood pressure
measurements were taken via the Coda2 non-invasive cuff system (Kent Scientific,
Torrington, CT) for a minimum of 5 consecutive measurements per animal. Animals
were then anesthetized with isoflurane again and animals were sacrificed via
exsanguination. Hearts were harvested and processed for cellular isolation or histologic
and molecular analysis. Hearts intended for histologic and molecular analysis were

divided along the short axis into 3 portions including the base, middle and apical sections.
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The base portion was processed for histological examination while the other two portions
were snap frozen immediately for molecular analysis. Due to overlapping experimental
groups previously published (214), some historical samples from AngllI and saline
infused animals were used for this study to compare to new experimental groups.
Additional animals were added to saline and AnglI experimental groups to ensure

experimental reproducibility.

7.3.2 Cellular Isolation and Culture

Infiltrating cells were isolated from excised heart of Angll infused animals as previously
stated (214). Cellular isolates were incubated at 37°C with 5% CO, for 3d, after which all
non-adherent cellular debris was removed and fresh media was supplied for an additional
day. Cells were washed with sterile PBS and fixed for histologic staining or lysed using
TRIzol (Gibco). Coverslips were stored at 4°C until stained and lysed samples were

stored at 80°C until RNA isolation could be completed.

7.3.3 Histologic Analysis

Hearts were fixed in 10% formalin, paraffin embedded and serially sectioned (5um).
Basic myocardial histology and cellular infiltration were examined using heart cross-
sections stained with H&E. A blinded observer quantified infiltrating cells by counting
mononuclear cells evident in between myocytes and around vessels in 5 fields of view at

25x magnification per animal.

7.3.4 Collagen Deposition

Collagen detection was accomplished using Sirius red and fast green stains. Images of

entire cross-sections of myocardium where compiled from images taken at 5X
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magnification. Using Adobe Photoshop CS5, red pixels were positively selected and
summed for a total number of red (collagen) pixels. Subsequently, all non-background
pixels were summed for a total number of heart pixels. The total collagen pixels were
divided by the total heart pixels to provide a semi-quantitative measurement of the
percent of the heart affected by fibrosis. To avoid measuring discrepancies between

staining, the same red colour palette was used to select red pixels.

7.3.5 TUNEL

Apoptosis was detected on Sum paraffin embedded heart sections using a commercially
available terminal deoxynucleotide transferase-mediated dUTP nick-end labeling
(TUNEL) assay (Chemicon, Billerica, MA). Assay was completed as per manufacturers
instructions. Five images from a heart section from each animal were viewed with the
25X objective. An observer blinded to the treatment group counted the number of
TUNEL positive cells in each image, and the mean number of cells per image for each

experimental group was compared to the control group.

7.3.6 Immunofluorescence Staining

Isolated cells were grown on coverslips and then fixed in 4% paraformaldahyde,

permeabilized with 0.03% Triton X-100, blocked against non-specific antibody binding
with 10% normal goat serum and stained for CD45 (BD Biosciences, Mississauga, ON)
and Collagen type 1 (Rockland Inc, Gilbertsville, PA). Antibodies were detected using

anti-host specific Alexa fluorescently labeled secondary antibodies (Invitrogen).
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7.3.7 RNA Isolation and cDNA Synthesis

Using the TRIzol reagent (Gibco), RNA was isolated from the snap frozen myocardium
as per the manufacturer’s protocol. First strand cDNA was synthesized from 1 pg of total

RNA using iScript cDNA Synthesis Kit (Biorad. Hercules, CA).

7.3.8 Conventional Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Conventional RT-PCR was completed using 12.5ng of input cDNA with 0.5uM of each
of the forward and reverse primers and 10uL of REDExtract-N-Amp PCR Ready Mix
(Sigma) that was subjected to conventional RT-PCR using an iCycler (BioRad).
Experimental samples were run along with a sample containing no template cDNA to
ensure reagents were contamination free. All samples were run on a 1% agarose gel and
were visualized using ethidium bromide and UV imaging conducted using an
Alphalmager (Alpha Innotech, San Leanardo, CA). An image of PCR products was
produced for analysis. The primers were designed against the mRNA sequence of
endothelial protein C receptor (EPCR) (forward: 5’-GCCCTTTGTAACTCCGATGG-3’;
reverse: 5’-GGAGGATGGTGACGTTTTGG-3"); and 18S ribosomal RNA (forward: 5°-
TCAACTTTCGATGGTAGTCGCCGT-3’; reverse: 5°-

TCCTTGGATGTGGTAGCCGTTTCT-3")

7.3.9 Relative Quantitative RT-PCR

Relative quantitative RT-PCR (qRT-PCR) was completed using 12.5ng of input cDNA
with 0.5uM of each of the forward and reverse primers and 1x iQ SYBR Green Supermix
(Bio-Rad) was subjected to qRT-PCR using an iQ Multicolour Real-Time PCR Detection

System thermocycler (Bio-Rad). Standard curves, for efficiency, and no-template control
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samples were run along with the samples during thermocycling. A melting curve was
performed after thermocycling was complete to ensure target specificity. The primers
were designed against the mRNA sequence of connective tissue growth factor (CTGF)
(forward: 5’-TCAACCTCAGACACTGGTTTCG-3’; reverse: 5°-
TAGAGCAGGTCTGTCTGCAAGC-3’); transforming growth factor 1 (TGF-B1)
(forward: 5’-GGTCTCCCAAGGAAAGGTAGG-3’; reverse: 5’°-
CTCTTGAGTCCCTCGCATCC-3), platelet derived growth factor (PDGF) (forward:
5’-TTAAGGACTTGACCCTGCTTCC-3’; reverse: 5°-
GCATCTGCCTGAAGTGTGTACC-3’); collagen 1al (forward: 5°-
CAACAGTCGCTTCACCTACAGC-3’; reverse: 5°-
GTGGAGGGAGTTTACACGAAGC-3’); B-cell lymphoma 2 (Bcl-2) (forward:
CCAGCGTGTGTGTGCAAGTGTAAA-3’; reverse: 5°-
ACACTCCGGCTTCACTGAGAATGT-3’); Bcl-2 associated X protein (Bax) (forward:
5’-tggttgecctettetactttge-3’; reverse: 5’-CATCTTCTTCCAGATGGTGAGC-3’); and
188, as stated above. Expression was normalization to the 18S ribosomal gene using the

Pfaffl method.

7.3.10 Statistical Analysis

One-way ANOVA tests were completed on all quantitative data using the Bonferonni
post-test to compare the all the experimental groups in multi-treatment experiments. A
students T-test was used to compare an experimental group to a control group if there
was only one experimental group. Our level of significance was set as p <0.05. All

statistical calculations were computed using GraphPad Prism 4 software.
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7.4 Results

7.4.1 Hemodynamic Measurements

To assess the impact of aPC treatment in a model of myocardial fibrosis secondary to
Angll infusion, we assigned animals to 3 experimental groups. Animals were infused
with: a) Angll (2.0 pg/kg/min, n=11); b) Angll with aPC (0.4 pg/kg/min; n=6); or c)
saline (control, n=12). Infusion of Angll, a known vasoconstrictor, resulted in a
significant increase in mean arterial blood pressure when compared to saline control
(126.2+3.5 mmHg and 99.34+5.1mmHg respectively; p < 0.01; Fig. S7.1). Co-
administration of Angll with aPC did not prevent the increase in blood pressure

(115.7£5.8; p < 0.05; Fig. S7.1).

7.4.2 Cellular Infiltration

Myocardial fibrosis is associated with a significant cellular component which we
assessed using H&E stained myocardial cross-sections from each of our experimental
groups. While normal myocardial histology was observed in saline controls, cellular
infiltration was evident within the myocardial tissue from Angll infused animals (Fig
7.1A, B). Little cellular infiltration was found in the myocardium of Angll-aPC infused
animals, which appeared similar to saline controls (Fig. 7.1C). This observation was
confirmed by quantification of cellular infiltration that indicated significant cellular
infiltration in Angll infused animals compared to controls (63.149.7cells/field of view
(FOV) and 3.3%1.9¢cells/FOV; p < 0.05; Fig. 7.1D). No significant cellular infiltration
was detected in Angll-aPC treated animals when compared to saline control

(14.48+5.8cells/FOV; Fig. 7.1D).
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7.4.3 Myocardial Fibrosis

To assess whether the cellular infiltration was accompanied by fibrosis, the degree of
myocardial fibrosis in experimental animals was determined by staining myocardial
cross-sections with Sirius red. Excess collagen (red) deposition, beyond levels seen in
saline controls, was evident within multi-focal areas of the myocardium from Angll
infused animals (Fig. 7.2A,B). However, Collagen levels in Angll-aPC infused animals
appeared similar to saline controls (Fig. 7.2C). Quantification of collagen validated our
observation of significant collagen deposition in Angll infused animals, which was
significantly inhibited by the coadministration of aPC (saline: 5.7+1.7%;
Angll:16.5+2.2%; Angll-aPC: 5.2+1.1%; p < 0.01, Fig. 7.2D). Transcript levels of pro-
collagenlal, assessed by qRT-PCR, appeared decreased in Angll-aPC infused animals
compared to animals infused with AnglI alone, however, statistical significance was not
reached (Fig 7.2E). Taken together, aPC treatment inhibited Angll-induced collagen

production and deposition.

7.4.4 Pro-Fibrotic Factors

The transcript levels of well-known fibrotic factors were assessed by qRT-PCR to
determine if their expression levels were altered by aPC treatment in this fibrotic model.
We assessed TGF-B1, CTGF and PDGEF transcript levels because they have previously
been shown to be increased in response to Angll infusion and are believed to promote the
initiation and progression of fibrosis (214, 325). All three pro-fibrotic factors where
significantly increased in Angll infused animals (TGF-B1: 4.7+0.3 fold; CTGF: 13.8+4.0

fold; PDGF: 6.3x1.8 fold) but not when aPC was infused with AnglI (Fig. 7.3). In fact,
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both CTGF and PDGF levels were measured at control levels when aPC was co-infused

suggesting that aPC can abrogate Angll mediated upregulation of pro-fibrotic factors.

7.4.5 The Effect of aPC on the Endothelium

aPC is believed to mediate many of its anti-inflammatory and cytoprotective effects by
engagement of EPCR on the endothelium, which inhibits endothelial cell activation and
promotes endothelial barrier function (130, 319, 326). To evaluate the role of the
endothelium in aPC-mediated inhibition of Angll induced myocardial fibrosis, Tie2-
EPCR transgenic mice that overexpress EPCR on endothelial cells, were used. These
animals have been previously shown to have decreased expression of cellular adhesion
molecules on the endothelium (23, 322). These mice have been shown to be significantly
resistance to endotoxin-induced death as well as cancer metastasis (23, 322).
Interestingly, Angll-treated Tie2-EPCR mice developed significant myocardial cellular
infiltration as well as collagen deposition when compared to wild type, saline treated
animals (Fig. 7.4A). Taken together, this data suggests that aPC does not appear to elicit
its protective effects on the myocardium (fibrosis reduction) via activation of the EPCR
on the endothelium. In support of our observation in Tie2-EPCR mice, we showed no
statistically significant effects of aPC stimulation in wild type mice on the expression
levels of the cellular adhesion molecules, P-selectin, E-selectin and ICAM-1, within our
experimental groups (Fig 7.4B). These adhesion molecules are normally expressed on

endothelial cells and are used as markers of activation.
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7.4.6 Apoptosis

aPC is known to have cytoprotective properties that arise from its inhibition of apoptotic
signaling pathways (320). We quantified the extent of cell death by apoptosis between
experimental groups using a TUNEL stain. We did not find a significant number of
TUNEL positive cells within the myocardium of Angll infused animals when compared
to saline control (data not shown). We then assessed the transcript levels of the pro-
survival molecule, Bcl-2, and the pro-apoptosis molecule, Bax, to determine if the ratio
of these two apoptosis regulators deviated from that of our saline controls. We found no
significant differences in the Bcl-2/Bax ratio in any of our experimental groups (Fig.
7.5A). This data suggests that apoptosis is not a significant contributor to the fibrotic
process at this time point and therefore, aPCs cytoprotective effects do not appear to play

a significant role in the initial stages of myocardial fibrosis.

7.4.7 Effects of Angicoagulation on Fibrosis Development

aPC is best known for its role in the coagulation pathway where it inhibits the production
of thrombin by cleaving upstream mediators required for its generation, promoting
anticoagulation (310). To determine if the beneficial effect of aPC on fibrosis
development in our experiments resulted from anticoagulant activities we co-infused
Angll with heparin (n=3), an anticoagulant which also reduces thrombin levels (327). In
animals infused with Angll and heparin, significant cellular infiltration and fibrosis were
still evident, suggesting that the anticoagulant activities of aPC are likely not responsible

for inhibiting the development of myocardial fibrosis (Fig. 7.5B).
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7.4.8 EPCR Expression on Infiltrating Cells

EPCR expression has been found on several subsets of circulating leukocytes and as
such, these cells are also capable of responding to elevated circulating aPC (328, 329).
With a lack of benefit seen with Angll infusion in Tie2-EPCR mice, we don’t believe the
endothelial cells are the main cell type conferring protection against Angll-mediated
fibrosis. As such, we wanted to investigate if fibrocytes, a circulating leukocyte, express
EPCR and are capable of responding to aPC stimulation. Infiltrating fibrocytes were
isolated out of the hearts of 3d Angll infused animals as previously described (214).
After 3 days in culture, immunofluorescence for CD45 and collagen 1 expression was
used to elucidate their phenotype. Approximately 50% of isolated cells were
CD45"/Collagen’, indicative of a fibrocyte rich population (Fig. 7.6A). We also assessed
the expression level of EPCR on isolated infiltrating cells via conventional RT-PCR to
determine if they may directly respond to increased circulating aPC levels. We found
substantial levels of EPCR transcripts within isolated cells (FC) as well as our control
native myocardium (HRT; Fig. 7.6). This data confirms that these cells do express EPCR

and could be directly affected by increased levels of circulating aPC.

7.5 Discussion

Initially known as a vasoconstrictor, Angll has more recently been shown to be a pro-
fibrotic molecule. It is involved in the development of myocardial fibrosis both clinically
and in animal models (5, 24, 214). Angll infusion in mice has therefore become a well-
established model used to study myocardial fibrosis. Using this model we have
previously demonstrated that Angll results in significant early cellular infiltration (1d) by

fibroblasts progenitor cells (fibrocytes) followed by corresponding deposition of

187



extracellular matrix proteins by 3d (214, 228). We, and others, have therefore been able
to use this model of fibrosis to study early mediators of the fibrotic process in an effort to

identify potential interventions.

In this study we demonstrate that aPC protects against the development of myocardial
fibrosis secondary to Angll exposure. We provide novel evidence that aPC inhibits the
previously described fibrocyte accumulation followed by collagen deposition seen with
Angll infusion. Furthermore, we show a corresponding inhibition of expression of pro-
fibrotic mediators, specifically TGF-f1, CTGF and PDGF, with aPC treatment. While
aPC appears to counteract the pro-fibrotic effects of Angll, the animals that received
Angll and aPC were still hypertensive, suggesting that the beneficial effects of aPC are
blood pressure independent. Our findings support previous work demonstrating that aPC
administration during a myocardial ischemic insult results in reduced scarring and
improved function, though the mechanisms by which this occurs have not been

elucidated (317, 321).

We have previously established that fibrosis is temporally preceded by myocardial
infiltration of fibrocytes, that are likely responsible for the development of fibrosis (214).
Work by others has demonstrated a link between fibrocyte accumulation and fibrosis by
using strategies that reduced fibrocyte migration and consequently decreased fibrosis (24,
219). In our model of myocardial fibrosis, administration of aPC blocked fibrocyte
infiltration normally associated with Angll exposure. This inhibition in cellular

recruitment does not appear to be in response to decreased expression of cellular
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adhesion molecules normally expressed on endothelial cells. We were unable to show
any significant differences in mRNA expression levels for P-selectin, E-selectin or ICAM
in heart homogenates of the different experimental groups. It is possible that an increase
in transcript levels of cellular adhesion molecules may have been masked by a dilution of
their specific transcript levels in the endothelium by the overwhelming amount of

transcripts from other cell types within the myocardium.

We sought to isolate the effects of aPC on the endothelium, as endothelial cells represent
the point of entry for circulating fibrocytes into the myocardium. We used Tie2-EPCR
mice, which over express the EPCR on the endothelium, creating an animal in which
there is increased endogenous aPC-EPCR signaling. However, Tie2-EPCR mice that
received exogenous Angll still developed significant cellular infiltration and
corresponding fibrosis within the myocardium. Taken together, our data suggests that the
mechanisms responsible for aPCs anti-fibrotic effects do not appear to be mediated

through EPCR signaling on endothelium.

A mechanism by which aPC might be cardioprotecitve may relate to its cytoprotective
and anti-apoptotic signaling capabilities. In the present study we were unable to
demonstrate significant apoptosis within the myocardium of AngllI infused animals by
TUNEL staining and we could not show a difference in the ratio of pro-survival and pro-
apoptosis mediators, Bcl-2/Bax, in animals that received Angll+aPC. While this data

does not rule out a cytoprotective effect of aPC within this model at a different time
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point, it did not appear to be the key mechanism by which aPC confers its initial anti-

fibrotic effects.

Though there is little evidence that the protective effects of aPC are mediated by its
anticoagulative properties, there is some evidence suggesting that anticoagulation can be
protective in hypertension (330). To address this limitation we infused mice with AnglI
along with an alternative anticoagulant, heparin. We found that AngllI infused mice that
also received heparin showed similar cellular infiltration and fibrotic sequelae as those
that receive Angll alone. Our findings indicate that the anticoagulant properties of aPC

are an unlikely mechanism providing its protection effects.

Though this study shows that aPC administration is effective in counteracting the fibrotic
effects that occur secondary to Angll infusion, it does not appear to be mediated by the
classic signaling effects of systemic aPC administration. Our findings suggest that aPC
had no effect on endothelial cells, did not reduce apoptosis and that its effects were not
dependent on its anticoagulation properties. The beneficial effects of aPC seemed to be
mediated by a reduction in cellular infiltration and a reduction in myocardial pro-fibrotic
mediator production (CTGF, PDGF and TGF-B1). It is likely that aPC is mediating these
effects by directly stimulating a cell type other than endothelial cells that is involved in
the development of myocardial fibrosis. EPCR expression has been found in monocytes,
the lineage from which fibrocytes originate, and myofibroblasts, the phenotype that
fibrocytes differentiate into (331, 332). We provide novel evidence suggesting that

fibrocytes themselves express EPCR and could directly respond to aPC. Interestingly,
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aPC has been shown to directly inhibit monocyte activation and migration in the presence
of potent stimulators, including TNFa and CCL2, respectively (328, 333). It is therefore
possible that systemic administration of aPC may have a direct and similar effect on
circulating fibrocytes and may inhibit their activation and recruitment into the
myocardium. This potential mechanism intuitively explains the decreased cellular
infiltration within the heart. Furthermore, fibrocytes are known to produce pro-fibrotic
mediators when recruited into tissue and if aPC does inhibits their recruitment and/or
activation, this would address the significant reduction of the pro-fibrotic factors in the
myocardium seen when aPC is added to our model of myocardial fibrosis. Further work
is required to understand the effect of aPC on fibrocytes and the effect of aPC on the

heart in the presence of fibrotic stimuli.

Myocardial fibrosis is part of the continuum that eventually contributes to the
development of chronic heart failure (5). Even with current medical interventions, the
prognosis for patients with heart failure is not always promising, forcing researchers to
consider new therapies (334). Knowledge gained from the present study on the beneficial
effects of aPC may offer some insight into novel approaches to reduce the burden of

cardiovascular diseases.
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Figure 7.1 Cellular Infiltration

Representative images of hearts sections stained with H&E from animal infused with
saline (A), Angll (B) and Angll and aPC (C). AnglI infusion was associated with
evident mononuclear cellular infiltration within the interstitial and perivascular tissues
while little cellular infiltration was evident when aPC was also infused. Infiltrating cell
counts were completed to quantify this observation within an average of 5 field of

views/heart (D). Images were taken at 40x magnification.

* p<0.05
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Figure 7.2 Collagen Deposition

Myocardial collagen content was assessed as an indicator of fibrosis. Collagen was
initially assessed using myocardial sections stained with Sirius red and fast green where
collagen is stained red and the counter stain is green. Representative images of sections
from animals infused with saline (A), Angll (B) and Angll and aPC (C). Collagen
content of Sirius red stained sections was semi-quantitatively assessed by completing red

pixel measurements compared to total pixel content to derive a percent collagen content
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within a cross section of heart (D). qRT-PCR was completed to assess pro-collagenlal
transcript levels within the different experimental groups (E). Images were taken at 25x

magnification **p<0.01
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Figure 7.3 Pro-Fibrotic Mediators

The transcript levels of different pro-fibrotic mediators were assessed using qRT-PCR
from whole heart samples. TGF-f1, CTGF and PDGF transcript levels were significantly
elevated in animals exposed to only Angll but transcript levels were significantly less

when aPC was also infused. * p<0.05 **p<0.01
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Figure 7.4 Endothelial Cell Activation

Angll was infused in Tie2-EPCR mice that have excess expression of the aPC receptor
within endothelial cells and as such have chronically downregulated endothelial cell

activation (A). Cellular infiltration and collagen deposition, as measured by H&E (Ai)
and Sirius red (Aii) staining respectively, were still evident within Angll infused Tie2-

EPCR animals. Quantification of both cellular infiltration and collagen content
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demonstrated a significant increase beyond the levels of saline controls in wild type
animals (Aiii, Aiv). The transcript levels of cellular adhesion molecules, including P-
selectin (Bi), E-selectin (Bii) and ICAM (Biii), were assessed using qRT-PCR analysis of
whole heart samples. No significant change was measured in the level of cellular
adhesion molecule transcript levels in either experimental group compared to controls

(B). Images were taken at 40x magnification. * p<0.05 **p<0.01
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Figure 7.5 Putative Mechanism of Action of aPC

Transcript levels of the pro-survival factor Bcl-2 and the pro-apoptotic factor Bax were
measured by qRT-PCR and a ratio of the two genes were generated for each animal
assessed from each experimental group (A). No significant difference in the Bcl-2/Bax
ratio was measured. To assess the effect of anticoagulation in this model, animals were
infused with both AngllI and heparin to determine the effects of anticoagulation within

our fibrotic model (B). Cellular infiltration and collagen deposition, as measured by
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H&E (Bi) and Sirius red (Bii) staining respectively, were still evident within the
myocardium of animals infused with AnglI and heparin. Quantification of both cellular
infiltration (Biii) and collagen content (Biv) demonstrated a significant increase beyond

the levels of saline controls. Images were taken at 40x magnification.
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Dual

Figure 7.6 EPCR Expression on Infiltrating Cells

Conventional RT-PCR was used to analyze the expression of EPCR in Fibrocytes (FC,
n=2) isolated from Angll infused hearts. Significant EPCR expression was detected in
isolated cells as well as faint expression in a sample of whole heart (HRT). 18s was used

as a housekeeping gene to ensure equal loading between samples.
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Figure S7.1 Hemodynamic Measurements

Angll infusion after 3d was associated with a significant increase in the mean arterial
pressure (mmHG) of mice as measured by a non-invasive tail cuff system. Co-infusion

with aPC did not significantly alter the Angll induced hypertension. * p<0.05 **p<0.01

201



CHAPTER 8 —- CIRCULATING FIBROCYTE LEVELS IN PATIENTS

WITH ISCHEMIC HEART DISEASE

Preliminary Findings

: Contributing individuals are clearly outlined in Appendix 2.
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8.1 Introduction

Ischemic heart disease (IHD), characterized by impaired blood flow to cardiac tissue,
constitutes by far the predominant cause of myocardial injury leading to fibrosis and
heart failure (335-337). Coronary artery bypass grafting (CABG) surgery is a common
treatment option offered to patients with IHD to alleviate disease symptoms and improve
outcomes. It has previously been established that CABG with cardiopulmonary bypass
(CPB) promotes the mobilization of early progenitor cells out of the bone marrow and
into the circulation (338, 339). While most studies have examined the mobilization of
endothelial progenitor cells (EPCs) other progenitor lineages exist and are likely pertinent
to tissue repair. Fibroblast progenitor cells, or fibrocytes, are a bone marrow derived
progenitor cell type that is found in the circulation (340). Fibrocytes rapidly migrate into
injured tissues and are believed to differentiate into a myofibroblast-like cell type (214,
228, 340). These cells are believed to contribute to both healthy repair as well as
pathologic fibrosis. Circulating fibrocyte levels are not well established in patients with

IHD or in the progenitor population mobilized after CABG surgery.

Using animal models, fibrocytes have been shown to infiltrate into the myocardium prior
to the development of myocardial fibrosis and have been shown to be a key effector cell
driving this process (24, 214, 219, 228, 229). Fibrocytes are derived from a monocyte
progenitor lineage and have customarily been identified by staining for markers of either
progenitor cells (CD34) or hematopoietic cells (CD45/CDIIb) in combination with a
mesenchymal cell marker (collagen) (85, 208, 209, 341). These cells have been shown to

produce several pro-fibrotic factors as well as ECM proteins and are therefore able to
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directly contribute to the fibrotic process (201, 211, 221, 342-345). In other fibrotic
disease states, including lung fibrosis and burn healing, patients have been shown to have
elevated levels of circulating fibrocytes (346-348), however this has never been

characterized in IHD patients undergoing CABG surgery.

Many patients with IHD present clinically with established myocardial injury in which a
reparative process has already been initiated within the myocardium (349). This repair
process is characterized by the deposition of extracellular matrix (ECM) proteins within
the cardiac tissue. Though initially beneficial, excess deposition of ECM proteins can
eventually replace healthy myocardial tissue and become a pathologic fibrotic process
(2). This progressive ventricular remodeling characterized by fibrosis can eventually
impair organ function, thus contributing to the development of heart failure (3). While
current therapies for IHD aim to prevent further damage to the cardiac tissue, myocardial
fibrosis is not believed to efficiently resolve. Therefore, better understanding of the
biologic components of fibrosis is necessary to develop therapeutic targets to specifically

inhibit this process when it becomes pathologic.

We hypothesized that the level of circulating fibrocytes in patients with IHD would be
elevated compared to healthy controls and that CABG surgery with CPB would promote

further fibrocyte mobilization.
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8.2 Methods

8.2.1 Study Design and Patients

Between November 2011 and March 2012, patients requiring elective CABG surgery at
the Queen Elizabeth II Health Science Center were prospectively recruited for this study.
Informed consent was obtained according the Capital Health Guidelines from the
Research Ethics Review Board (REB # CDHA-RS/2011-146). The inclusion criteria for
this study consisted of any patient undergoing isolated CABG surgery. The exclusion
criteria included any patient requiring urgent surgery, requiring concomitant procedure or
had a recent history of myocardial infarction (<2 weeks). Healthy volunteers were also
recruited for the study as controls and informed consent was also acquired from these

individual.

8.2.2 Surgical Procedure

A median sternotomy was performed in all patients. CABG surgery with CPB was
performed in a standardized fashion using ascending aortic cannulation and 2-stage
venous cannulation of the right atrium. Intermittent cold blood cardioplegia was
delivered antegrade via the aortic root. The choice of conduits and/or construction of
composite grafts was based on surgeon preferences rather than fixed criteria. Arterial
conduits were harvested with minimal trauma (non-skeletonized internal-mammary-
artery graft) and all treated with either a Papaverine® solution or nitroglycerine/calcium

channel blocker (Verapamil®) solution prior to use.

205



8.2.3 Postoperative Management

All postoperative cardiac surgery patients were taken to a dedicated cardiovascular
intensive care unit (CVICU). Patients discharged from the CVICU were transferred to an
intermediate care or general care ward under the care of the same team. All patients were

monitored continuously for a minimum of 24h.

8.2.4 Blood Sampling for Progenitor Cell Assessment

Each blood sample was obtained in an EDTA-K, tube and was thoroughly inverted to
ensure complete anti-coagulation. Blood samples were taken from the arterial line of
patients shortly after it was inserted prior to surgery (Pre-CABQG), 1h after patient was
taken off CPB (1h-post CABG) or 6h after CPB (6h-post CABG). A maximum of 10ml
was taken at each time point from patients. Healthy controls provided a one-time

donation of approximately 30ml.

8.2.5 PBMC Isolation and Culture

Peripheral blood mononuclear cells (PBMC) were isolated as previously reported (350).
Briefly, blood was diluted with an equal volume of Dulbecco’s phosphate buffered saline
(DPBS; Gibco, Life Technologies, Burlington, ON) containing 2% fetal bovine serum
(FBS). PBMCs were then isolated using Ficoll-Paque density centrifugation. Isolated
cells were plated out at 1x10°/well on coverslips in a 6-well culture plate or 8x10%/T75
flask. All culture dishes and coverslips had been pre-coated with 0.01% sterile gelatin.
Cells were cultured in Roswell Park Memorial Institute 1640 (RPMI) media (Givco, Life
Technologies) supplemented with 10% heat-inactivated fetal calf serum, 2mM L-

glutamate, 100pug/ml streptomycin and 100U/ml Penicillin for 1d, 3d or 10d at 37°C with
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5% CO,. Non-adherent debris was aspirated after 3d in culture and media was
replenished at regular intervals. Cells were then fixed in 4% paraformaldehyde for

histology studies or processed for flow cytometry.

8.2.6 Flow Cytometry

Fresh blood samples were standardized by transferring 100ul of blood into each sample
tube for analysis. Total white blood cells (WBC) were then isolated from samples using
BD Pharm Lysis (BD Bioscience, San Jose, CA) as per manufacturer’s protocol.
Samples allocated for intracellular marker staining (collagen) were permeabilized using a
Cytofix/Cytoperm kit (BD Bioscience) as per manufacturer’s protocol. All samples were
incubated with a human F, receptor block (Miltenyi Biotech, Cambridge, MA) prior to
antibody staining. Permeabilized cells were then incubated with mouse anti-Collagen-1
antibody (Millipore, Billerica, MA) followed by a Fitc-conjugate anti-mouse secondary.
The samples were then incubated with an aPC conjugated mouse anti-CD45 antibody
(BC Bioscience). Remaining samples, not permeabilized, were incubated with a Fitc-
conjugated anti-CD34 antibody (BD Bioscience). Isotype and negative controls were
completed along side experimental staining to control for non-specific binding. Samples
were fixed in a 0.4% formaldehyde solution and stored at 4°C until analysis. Samples
were measured using a FACScalibur Flow Cytometer (BD Bioscience) and analysized

using WinList 5.0 software.

Cultured PBMCs in a T75 flask were detached using trypsin after 10d of culture. Cells

were permeabilized with Cytofix/Cytoperm kit and incubated with a human F, receptor
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block (Miltenyi). Cells were then incubated with mouse anti-Collagen-1 (Millipore)
antibody followed by a Fitc-conjugate anti-mouse secondary. Samples were fixed in a

0.4% formaldehyde solution and stored at 4°C until analysis.

8.2.7 Immunofluorescent Staining

Cultured cells fixed on coverslips were stained for Collagen-1 and CD45. Cells were
exposed to PBS with 0.1% triton, which was also used in subsequent incubations and
washes.  Cells were incubated with 10% normal goat serum to block non-specific
protein binding. Cells were incubated with rabbit anti-Collagen-1 (Rockland
Immunochemicals, Gilbertsville, PA) and mouse anti-CD45 (BD Bioscience). This was
followed by incubation with host specific secondary antibodies. Hoechst was used to
identify intact nuclei. Cells were visualized and pictures were taken using a AxioCam
HRc (Carl Zeiss) and analyzed using Adobe Photoshop 5.0. Five random fields of views
at 20x magnification were captured from each coverslip. Adherent cells were counted

and averaged per subject.

8.2.8 Statistical Analysis

Data is provided as mean = SEM. A students T test was used to compare between
healthy control individuals and CABG patients at baseline (pre-CABG). A one-way
ANOVA was used to compare CABG patients prior to their surgery to the time points

after their surgery.
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8.3 Results

8.3.1 Study Participant Characteristics

The study population included six CABG surgery patients and five healthy volunteers.
Patients enrolled in the study were only male, though females were not excluded, and
their average age was 69 + 6 years. The control group contained two males and three
females who had the average age of 49 + 7 years. All patients underwent CABG to treat
3-vessel coronary artery disease and one patient also received a mitral valve repair due to
intra-operative findings of severe mitral insufficiency. Prior to surgery, 67% of patients
were being treated with ACE inhibitors, 17% of patients were on an angiotensin receptor
blocker regimen and 17% of patients were not on either treatment. No history of

cardiovascular disease was reported in any of our control individuals.

8.3.2 Circulating Progenitor Cells

It has previously been reported that CABG surgery promotes mobilization of progenitor
cells (338, 339). To confirm this, we assessed CD34 expression, a marker of immature
progenitor cells, on circulating leukocytes prior to and after CABG surgery. We found a
slight increase in CD34" cells at baseline in patients with IHD compared to healthy
controls (Fig. 7.1; pre-CABG: 1.38 & 1.05%; Control: 0.01 £ 0.01%). The number of
CD34" cells did increase after CABG surgery and peaked at 1h post-CABG (Fig. 8.1; 1h

post: 6.01 = 2.81%; 6h post: 0.49 £ 0.04%).

8.3.3 Circulating Fibrocytes

Fibrocytes have previously been reported as collagen expressing cells in circulation (221,

340, 351). As such, we aimed to report circulating fibrocyte levels by measuring
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CD45"/Collagen” cells by flow cytometry in freshly isolated total leukocytes. We were
able to detected CD45"/Collagen” in each of our experimental groups (Fig. 8.2; Control:
0.04 £ 0.01%; pre: 0.03 £ 0.02%; 1h post: 0.04 £ 0.03%; 6h post: 0.03 £0.01%). A
statistically significant difference could not be detected between our experimental groups
and as such the circulating population did not appear to change between healthy controls
and IHD patients prior to surgery. CABG surgery also did not appear to have an effect

on CD45 /collagen” cell levels in circulation.

8.3.4 Fibrocytes in Culture

Others have previously reported that culturing isolated PBMCs over time will select for,
and enrich, fibrocytes from the circulation by promoting further differentiation of this cell
type (85, 196, 253, 344). Therefore, to assess the phenotypic changes of these cells over
time we cultured isolated PBMCs for 1d, 3d or 10d. We analyzed collagen expression by
flow cytometry and found that after 1 day in culture, a minimal number of cells were
collagen” (Fig. 8.3; 1d: 0.20 + 0.09%). This finding supported our initial flow cytometry
data from freshly isolated leukocytes. However, collagen expression significantly
increased over time in the remaining viable cells in culture (Fig. 8.3; 3d: 52.8 + 13.7%;
10d: 83.9 £ 7.5%; 1d vs. 10d: p <0.01). This data was confirmed by immunofluorescent
staining on fixed cells (1d and 3d data not shown). Cells were largely found to be
CD45"/Collagen after 10d in culture, an observation found in both patients and control

subjects (Fig. 8.4).
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We then assessed the number of cells that remained in culture after 10d to determine if
the resulting population differed between our experimental groups. There was an
apparent increase in the number of cells viable in cultures obtained from CABG patients
in comparison to healthy controls. A statistically significant difference was confirmed by
cell number quantification (Fig. 8.3; pre-CABG: 15.6 £1.4 cells/FOV; control: 6.0 £2.4
cells/FOV; p <0.01). This finding suggests that circulating cells from patients with IHD
have enhanced potential to differentiate into fibrocytes in culture. Furthermore, we found
a positive trend that this potential for fibrocyte differentiation was further increased in
patients, 6h after CABG surgery (Fig. 8.3; 6h post: 22.37 & 6.20 cells/FOV), though it did
not reach statistical difference. This data suggests that not only do patients with IHD
have enhanced potential of circulating leukocytes to differentiate into fibrocytes, a yet to

be identified stimuli provided by CABG surgery appears to promote this potential further.

8.3.5 Physiologic Variables Associated with CABG Surgery

Both surgical procedures and patient tolerance of the surgery varies between cases and
several measures are recorded during and after the procedure in order to aid in predicting
outcomes. Patients were on cardiopulmonary bypass for an average of 105 + 6 min,
varying from 88 min up to 123 min. The average clamp time for patients was 75 + 7 min,
with the minimum time being 56 min and the max being 105 min. Troponin T levels are
continuously monitored over time as an indicator of cardiac injury and the average peak
troponin was 0.52 £+ 0.16 ng/ml and ranged from 0.05 ng/ml to 1.170 ng/ml. While a
correlation study comparing these variables to the average number of cells in culture after
10d has yet to be completed, this analysis would indicate if an increase in cultured

fibrocytes correlates with a surgical variable.
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8.4 Discussion

The aim of this paper was to assess circulating fibrocyte levels in patients with IHD
compared to healthy controls and determine if CABG surgery is a stimulus capable of
mobilization of circulating fibrocytes. Patients with IHD typically exhibit ventricular
remodeling characterized by fibrosis and as such, we believed that they would have
elevated levels of circulating fibrocytes (349). We were able to detect a slight increase in
the circulating progenitor population, determined by CD34 expression, in IHD patients
compared to healthy controls. However, we found that fibrocytes, as defined by collagen
expression, did not compose a large proportion of circulating cells (0.03%) in patients
and did not statistically differ from the levels measured in healthy individuals (0.04%).
Furthermore, while we detected an increase in CD34" progenitor cells after CABG
surgery, there was no statistical difference in the level of circulating CD45 collagen” cell
population after surgery. This data suggests that collagen” circulating leukocytes are a

very small population and don’t appear to change in IHD patients or after CABG surgery.

Currently, the evidence for fibrocytes, defined as collagen” cells, in circulation is
inconsistent. Some of the initial studies, which were instrumental in elucidating
fibrocytes as an effector cell in the healing process, are widely quoted as defining
fibrocytes composing approximately 0.5% of circulating WBCs (221, 340). However, to
the best of our knowledge this analysis is derived from studies in which cells are grown
in culture over time and the percent is then extrapolated from later findings. Recently,
Fang and colleagues (2012) were able to detect collagen positivity in approximately 0.1%

of freshly isolated WBCs via flow cytometetry (351). Alternatively, other groups have
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reported circulating fibrocytes by analyzing subsets of PBMCs that were further
processed to select for non-adherant non-T cell (NANT) population (347, 352). These
groups report that that fibrocytes consist of approximately 7% of this NANT population,
however it is not clear as to what percentage of total WBCs this converts to and what, if
any effect, the isolation process has on the resulting cell population. Interestingly, Bellini
and Mattoli suggest in a review that fibrocytes, as defined by collagen expression, may
not exist in circulation but that this population arises from a less differentiated progenitor
population that is collagen (208). To support this statement they reference several papers
that examine fibrocyte characteristics and function but do not address this population in
freshly isolated blood but only after culture (85, 341, 348, 353, 354). Yeager and
colleagues (2012), identified fibrocytes by labeling freshly isolated WBCs with pro-
collagen rather than highly processed collagen-1, which was expressed in 0.2% of WBCs
in healthy individuals (355). Therefore, a consensus has yet to be reached regarding if
cells in circulation express mature collagen and if so, what percent of WBC they

compose.

In our study, we measured an average of 0.03% of circulating cells were characteristic of
a fibrocyte phenotype. Furthermore, this population did not vary between healthy
individuals and patients with IHD. This is at least 10-fold less than what others have
reported. However, in our experience, accurately labeling for intracellular collagen for
flow cytometry is technically challenging which could contribute to the variation seen in
the literature. Our flow cytometry for collagen was consistently positive in fibroblast

controls (data not shown) and was able to differentiate degree of collagen positivity
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between fresh WBC (<0.1%) and 10d cultured PBMCs (>80%). Furthermore, our flow

cytometry data was confirmed using immunofluorescent staining.

While we were unable to identify a large population of collagen” cells in circulation, we
were able to select for a population in culture that became collagen” over time. After 10d
in culture, more than 80% of the remaining viable and adherent cells were expressing
collagen. This indicates that a circulating population has the potential to express and
secrete extracellular matrix proteins. This likely would translate into an early monocyte
progenitor cell migrating into tissue and undergoing a differentiation into a fibrocyte in
vivo. Interestingly, we were able to culture 2-fold more fibrocytes in samples taken from
patients with IHD at baseline compare to healthy controls. This suggests that there may
be more progenitor cells in circulation that have the potential to become fibrocytes. The
increase in CD34" cell in circulation, even at baseline, supports this theory.

Alternatively, the active fibrotic process occurring in patients with IHD may have
resulted in the increase of circulating mediators, such as TGFf, which could have
‘primed’ these cells and increased their proliferation capacity (356). Nevertheless, the
increase presence of fibrocytes likely contributes to the ongoing fibrosis once they are

recruited to the myocardium.

CABG with CPB has previously been shown to increase mobilization of progenitor cells
out of the bone marrow and into circulation (338, 339). We were able to replicate this
finding by showing a peak increase in CD34" cells 1h after surgery. While this early

increase in progenitor cells is likely attributed to neutrophils and monocytes, we did find
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an increase of fibrocytes in culture from samples take 6h after surgery. This increase is
likely promoted by the vascular trauma induced by CABG and CPB, which would
prompt a healing response (357). It has been previously shown that CABG with CPB
mobilizes endothelial progenitor cells, however this is the first study that suggests it also
increases the circulating levels of a progenitor population with fibrocytes potential as

well.

This data suggests that a circulating cell type can produce ECM proteins and thus
potentially contribute to myocardial fibrosis. Fibrocytes have been shown to home to
fibrotic tissue and infiltrate rapidly after an insult in rodent models of injury and fibrosis
(196, 340). Furthermore, inhibition of fibrocyte infiltration or differentiation ameliorates
scar formation in rodent models, suggesting a significant role for these cells (24, 229,
231, 358). However, there is yet to be definitive evidence that these cells actively cause
fibrosis, just correlatory evidence suggesting a role. While this study shows an increase
in these cells, we have yet to provide evidence that they secrete molecular mediators that
promote fibrosis or actively contribute to myocardial fibrosis. However, this study can
act as a basis to design future studies to further dissect the role and the mechanisms by

which these cells contribute to myocardial fibrosis.

In this study we provide evidence that there is an increase in cells that have the potential
to become fibrocytes in circulation of patients with IHD. It is our belief that these cells
likely contribute to myocardial fibrosis once they are recruited to the fibrotic tissue.

While further work is required to understand the exact role of these cells, their activation
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and trafficking are mechanisms that can potentially be exploited for therapeutic

interventions targeted to the fibrotic process in the future.
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Figure 8.1 CD34" Cells in Circulation

Representative flow cytometry analysis of freshly isolated WBCs for CD34 expression in
samples obtained from control individuals (A) and patients pre-CABG (B), 1hr post-

CABG (C) and 6h post-CABG (D). Fluorescence is displayed on the x axis while SSC is
displayed on the y-axis. Positive staining beyond isotype measurements is evident within

the gated area.
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Figure 8.2 Fibrocytes in Circulation

Circulating fibrocytes were assessed in freshly isolated WBCs using flow cytometry for
CD45 (x-axis) and collagen (y-axis). A representative plot showing forward scatter (FSC
— x-axis) and side scatter (SSC — y-axis) of measured cells and the gate that was used to
analyze total blood leukocytes (A). We ran isotype controls with all of our experimental
samples to ensure that we were accounting for non-specific antibody binding. A
representative plot of an isotype control for our Collagen illustrates that non-specific
binding of antibody lays within our gated areas (B). An individual and representative

analysis of a sample obtained from a control individual is displayed in a scatter plot
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where CD45"/collagen” cells are evident in the top right hand corner of the plot (C). The
percent of CD45 /collagen’ in WBCs from each experimental group was averaged to

examine trends (D).
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Figure 8.3 Collagen Expression in Culture

PBMCs, were cultured for 1d (A), 3d (B) or 10d (C) and were analysized for collagen
expression by flow cytometry. Percent of positive cells, beyond isotype are indicated by
red in the histogram. Average collagen measured after indicated culture time is

represented in graph where the experimental groups are collapsed into time points (D).
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Figure 8.4 Fibrocyte Counts in Culture

Cells isolated from control individuals (A) and ischemic heart disease patients at baseline
(B) were cultured for 10d and fixed for immunofluorescent staining. Cells were stained
for CD45 (green), collagen (red) and nuclei (blue). Average cell counts from 5 random

FOV at 20x magnification were used to quantify cell counts between groups (C).
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CHAPTER 9 — DISCUSSION
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9.1 Primary Findings

The aim of this study was to investigate the early cellular and molecular mediators that
promote the development of myocardial fibrosis. We found a population of bone marrow
derived cells that infiltrated the myocardium prior to significant ECM protein deposition
in a model of myocardial fibrosis secondary to Angll infusion. We identified this initial
infiltrating cell type as a population of fibroblast progenitor cells, termed fibrocytes.

We then undertook experimentation to determine the factors that recruit fibrocytes into
the myocardium and what molecular mediators this cell type produced in response to
fibrotic stimuli. We determined the role of hypertension as a physiologic stimulus to
myocardial injury, cellular infiltration and fibrosis in our model. We also assessed the
beneficial effects of a novel therapeutic intervention, aPC, on the development of
myocardial fibrosis and determined that it potentially confers protection by acting
directly on fibrocytes in circulation. Lastly, we measured the level of fibrocytes in the
circulation of patients with ischemic heart disease to begin to assess their potential

involvement in myocardial fibrosis in humans.

9.2 Characterization of Fibrocyte Phenotype

To date, fibrocytes have been identified using immuno-based assays labeling for a panel
of cell markers expressed by this mesenchymal progenitor cell type. Fibrocytes are a
relatively newly characterized cell type and identification markers are still being
characterized. Currently, a panel of markers is required as no one cell-specific marker has

been proposed and verified as a fibrocyte marker. Most investigators use a combination
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of progenitor cell marker (CD133/CD34) and/or leukocyte markers (CD45/CDIIb/CD68)
with mesenchymal markers (Coll/Vimentin/aSMA) to identify fibrocytes (markers used
in these studies are outlined in Appendix 1 Table A1) (208). However, the cellular
expression of these markers differs depending on the degree of fibrocyte differentiation
(344). Fibrocytes are believed to start off with a phenotype similar to a monocyte, the
lineage from which they are derived, and differentiate into an aSMA " myofibroblast-like
mesenchymal cell type in a fibrotic microenvironment (85, 88, 196, 209, 221, 253, 343,
353). Prior to the work presented here, these cells had been implicated in models of lung,
skin and liver fibrosis but at the initiation of this project had not been shown to infiltrate

the fibrotic myocardium (196, 210, 211, 255, 359, 360).

It has long been appreciated that circulating leukocytes infiltrate into the myocardium
during the development of myocardial fibrosis (59, 61, 101, 361). However, in the
absence of ischemia, the infiltration was largely believed to consist of monocytes
(identified by the expression of cell specific markers). Using a model of Angll infusion,
others have characterized the infiltrating population as expressing markers of leukocytes
(CD45) (362), monocytes (CD11b/MAC-1, CD107b/MAC-3, F4/80, CD68/ED-1) (7, 12,
189, 362, 363), and some reports of T-cell (CD3) (362). There has also been evidence of
an increased fibroblast/myofibroblast population after Angll infusion (362, 364). While
Campbell and colleages (1995) suggest that there is a mixed population of monocytes and
fibroblasts they do not provide data for the presence of monocytes nor do they provide
any dual staining (365). Similar data has been reported in other models of non-ischemic

cardiomyopathies including aldosterone infusion (171, 366) and aortic constriction

224



models (367-369). These studies looked at individual markers of leukocytes, monocytes,
T cells and fibroblasts but did not consider a progenitor cell type with a heterogenous
phenotype. Prior to our studies there was no evidence to suggest that the infiltrating cells
were not leukocytes, or monocytes to be specific, but during the time that our work was
being completed a handful of manuscripts were published implicating a fibroblast
progenitor cell type in the pathogenesis of chronic heart failure and ischemic myopathies
(60, 88, 219, 360). These were the first studies to suggest that the phenotype of the
infiltrating cells during the development of myocardial fibrosis may not be completely

elucidated.

Initially we turned to the Angll infusion model of myocardial fibrosis to further
characterize the mechanisms of cellular infiltration and manipulate the cellular response
during myocardial fibrosis but had difficulty replicating previously reported evidence. In
an attempt to characterize the evident population of infiltrating cells, we initially stained
for a panel of leukocyte markers and found few cells positive for these markers after 7
days of Angll infusion, at which time we can demonstrate extensive myocardial fibrosis.
This data conflicted the previous paradigm that the majority of the infiltrating cells were
monocytes. Furthermore, a former Masters student within our lab, Dr. Adam Oxner,
investigated the pro-inflammatory effects of Angll on purified monocytes in vitro and
found conflicting results in the secreted cytokine profiles elicited (350). Specifically, we
found that Angll-treated monocytes expressed IL-6, a pleiotropic mediator, but not TNF-
a, a highly pro-inflammatory mediator, suggesting that monocytes do not upregulate a

strictly pro-inflammatory response to Angll. This data also suggests that classically
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derived, pro-inflammatory monocytes may not be the main infiltrating effector cell type

in the heart in response to Angll exposure.

To fully elucidate the phenotype of the infiltrating cell population we completed a panel
of histologic analysis for cell specific markers. We initially stained for markers
indicative of resident cells within the heart. Though the heart constitutively contains
mast cells, we did not observe many by toludine blue staining nor did we see an increase
with AngllI infusion (data not shown). We did find an increase in markers associated
with the endothelium, including vWF and laminin (data not shown); however, we did not
see a significant increase in endothelial cells within areas of cellular infiltration using a
Tie2-GFP transgenic mouse strain. This data suggested to us that there was an increase
in many matrix proteins, including those typically supporting the vasculature, within the
heart. However, aberrant angiogensis did not appear to be driving the fibrotic process
evident within AnglI infused animals. We also investigated the presence of smooth
muscle cells and myofibroblasts by completing immunohistochemistry assay for aSMA
stain and found a large population of cells with a spindle morphology that was aSMA"
within areas of cellular infiltration, indicative of myofibroblasts. Lastly, we wanted to
assess the origin of the infiltrating population to determine if they were bone marrow
derived and to assess this we completed immunohistochemistry for CD133, a
hematopoietic progenitor marker. We found a significant population of CD133 positive
cells within the areas of cellular infiltration. The considerable number of cells positive
for both aSMA and CD133 prompted us to do a dual label for the two markers and we

were able to identify a population of CD133"/aSMA" cells within our AngII exposed
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hearts. This suggested to us that a significant proportion of the cellular infiltration
consisted of fibroblast progenitor cells. While these cells expressed a hematopoietic
progenitor cell marker (CD133), suggesting they were bone marrow derived, we wanted
to confirm their origin. Using a GFP bone marrow chimera mouse model, we confirmed
that a large proportion of the infiltrating cells were of bone marrow origin. Thus, in our
model of myocardial fibrosis, we observed significant cellular infiltration prior to the
development of myocardial fibrosis where the infiltrating population appeared to largely
consist of a bone marrow-derived fibroblast progenitor cell type. Haudek and colleagues
(2010) corroborated this data when they too provided evidence that fibrocytes are a key

infiltrating cell type in Angll-mediated myocardial fibrosis (24).

We used an in vitro culture system to further characterize this infiltrating cell type using
cells isolated from AnglIl exposed hearts. Using an adapted cell isolation technique, we
were able to culture a significant population of cells out of AnglI exposed hearts and a
much smaller population from naive, untreated hearts. Isolated cells from an AnglI heart
were found to be both CD133"/aSMA " and CD45"/collagen”, suggesting a fibrocyte
phenotype. Cells from naive hearts were only positive for the mesenchymal markers,
indicative of a fibroblast population. The fibrocyte-rich cultures were found to produce
collagen mRNA when stimulated with Angll and CTGF, providing evidence that these
cells respond to pro-fibrotic stimuli by upregulating ECM production. We also found
that stimulating these cells with AnglI upregulated the pro-fibrotic factors CTGF and
TGFP (Appendix 1 — Fig. Al). Furthermore, stimulation with TGFp upregulated mRNA

transcript levels of CTGF as well (Appendix 1 — Fig. Al). Therefore our infiltrating
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population can be cultured and appears to respond to pro-fibrotic stimuli by upregulating
other pro-fibrotic factors and ECM proteins suggesting a functional role for these cells in

orchestrating a fibrotic response.

9.3 Fibrocyte Differentiation

Fibrocytes are believed to be an early progenitor cell that is capable of differentiating into
multiple lineages depending on the microenvironment (370, 371). Circulating fibrocytes
are phenotypically similar to monocytes, as they are derived from the same lineage (85,
88, 209, 353). Therefore, they express high levels of leukocyte markers and progenitor
cell markers but express low or negligible levels of mesenchymal markers (196, 209,
253). Exposure to a fibrotic milieu, including factors such as TGF- 3, endothelin-1, and
basic Fibroblast Growth Factor (bFGF), promotes fibrocyte differentiation into a ECM
producing mesenchymal cells (85, 196, 344, 345, 372). Thus, after extravasation into
fibrotic tissue, expression of leukocyte and progenitor cell markers continue to decrease
while mesenchymal markers are significantly upregulated (85, 196, 221, 253, 343).
Fibrocytes are believed to terminally differentiate into an aSMA " myofibroblast-like

mesenchymal cell type in a fibrotic setting.

In the course of my work we have attempted to analyze fibrocyte development to better
characterize the life cycle of this cell type. Others have suggested that fibrocytes,
characterized by collagen expression, consist of approximately 0.5% of circulating cells
(221, 340). In our studies we were unable to measure a population of collagen expressing

cells in isolated WBCs that reached even the small proportion of the circulating
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population previously reported. The number of circulating Coll” cells was even
maintained in patients with ischemic heart disease. In our hands, we detected
approximately 0.03% of total circulating WBCs were Coll” cells by flow cytometry.
Furthermore, no collagen staining was evident using immunofluorescent staining on
freshly isolated cells cytospun and fixed on slides (data not shown). We also assessed the
expression of CD105 and vimentin, two putative fibrocyte markers, in circulating human
WBCs using flow cytometetry and found neither marker was explicitly expressed on a
distinct population (data not shown). However, vimentin appeared to be a useful marker
in assessing fibrocytes in circulation in mice, as we were able to demonstrate an increase
in circulating vimentin" cells after AnglI infusion compared to controls. Many of the
other reports that have postulated collagen expression in circulating fibrocytes analysed
collagen in cultured cells and extrapolated its expression in the originating cell type (221,
340, 373). Interestingly, while we were unable to show a similar level of Coll” cells in
circulation were able to show that a population of cells in circulation possessed the
potential to become Coll", replicating the earlier work done to assess circulating fibrocyte
levels. Data from this work suggests that a very small percentage circulating leukocytes
express processed collagen but a population in circulation can differentiate into and ECM

producing cell when exposed to the appropriate conditions.

Many potential fibrocyte markers, including collagen, are maintained within the cell
cytoplasm and identifying them by flow cytometry requires permeabilization of the cells
prior to staining. Permeabilization alters cell morphology and increases the potential for

non-specific antibody binding, making this technique increasingly challenging and prone
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to misinterpretation. Indeed in our hands, isotype controls for different collagen
antibodies provided a positive signal equal to or greater than experimental positive
controls. We chose the antibody that we used for flow cytometry after thorough testing
in which our flow cytometry for collagen was consistently positive in fibroblast controls
(data not shown). We were also able to differentiate degree of collagen positivity
between fresh WBC (<0.1%) and 10d cultured PBMCs (>80%). In these assays, we did
detect positive measurements with our isotype control but the positivity reported for
actual experimental samples was measured beyond that of our isotype controls.
Furthermore, our flow cytometry data was confirmed using immunofluorescent staining.
We believe that we have the measurements we have provided for collagen expression by

flow cytometry represent true findings and not artifacts derived from cell processing.

We investigated fibrocyte differentiation in vivo using our mouse model and
characterizing the cells at different time points. We assessed the phenotype of the
infiltrating cell phenotype after only 3d of Angll infusion and identified a population of
CD45"/aSMA" cells within the myocardium. However, after 7d of Angll infusion, when
extensive myocardial fibrosis is evident, few cells were found to be positive for CD45.
Interestingly, both CD133 and CD68 (ED-1) expression were maintained until 7d as
evident by the CD133"/aSMA" population in mice and the ED-1"/aSMA" population in
rats. While this data doesn’t clearly elucidate the exact phenotype differentiation of
fibrocytes in vivo over time, it does provide supporting evidence that fibrocytes start off
with primarily a monocyte phenotype and then differentiate over time into a cell type

with a largely mesenchymal cell phenotype. The varying phenotypes of this progenitor
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cell makes it technically challenging to identify fibrocytes, which has likely resulted in

underestimating their involvement in many disease processes.

We, and others, have studied the differentiation of fibrocytes both in vivo and in vitro but
cannot conclusively state that these cells differentiate into myofibroblasts. We can
provide evidence that fibrocytes become aSMA " cells that can secrete fibrogenic factors
and ECM proteins when in a pro-fibrotic microenvironment (85, 88, 196, 209, 221, 253,
343, 353). While these are properties similar to those of myofibroblasts, no one has yet
to do a functional comparison between activated resident fibroblasts and fibrocytes.
However, exact specification of the terminal cell type of fibrocyte differentiation is less
important than their functional properties. Studies that attempt to prevent fibrocyte
infiltration, by either chemokine blockade or inhibition of differentiation, result in
improved pathology and ameliorated scar formation (24, 229, 231, 358). Therefore

fibrocyte infiltration appears to promote fibrosis.

9.4 Fibrocyte Chemotaxis

In an attempt to understand the chemotactic factors responsible for recruiting fibrocytes
into the fibrotic myocardium, we undertook a series of experiments that would effectively
interfere with chemokine signaling previously believed essential for fibrocyte
recruitment. Both CCL2/MCP-1 and CXCL12/SDF-1a have been implicated as essential
chemotactic factors for fibrocyte migration. Indeed, others have shown that isolated
fibrocytes migrated to both CCL2/MCP-1 and CXCL12/SDF-1a in in vitro migration

assays (91, 196, 201, 374). The blockade of either chemokine-induced signaling in in
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vivo models of lung and myocardial fibrosis appeared to inhibit infiltrating cell
accumulation and decrease tissue ECM accumulation (24, 229, 231, 358). Our
experiments confirmed that fibrocytes express the appropriate receptors for both
chemokines (CCR2-CCL2/MCP-1 and CXCR4-CXCL12/SDF-1a). We also provided
data that CD133" expressing progenitor cells within the PBMC population migrate to
both CCL2/MCP-1 and CXCL12/SDF-1a. However, inhibition of CCL2/MCP-1,
CXCL12/SDF-1a or both chemokines was not sufficient to abrogate the initial fibrocyte
infiltration into the myocardium. This data indicates that, while fibrocytes can migrate to
either chemokine, neither CCL2/MCP-1 or CXCL12/SDF-1a are the essential
chemotactic signal required for fibrocyte migration. Alternatively, CCL21-CCR7
signaling has been shown to be a key mechanism for recruiting fibrocytes in models of
wound healing and renal fibrosis, though we have yet to examine this chemotactic

pathway in our model (85, 218).

Interestingly, while CCL2/MCP-1 blockade was insufficient to inhibit initial fibrocyte
migration it did confer a degree of protection to the fibrotic heart. This data suggests that
CCL2/MCP-1 signaling may, in itself, contribute to fibrosis. Indeed, CCL2/MCP-1 has
been reported to promote fibroblast activation, proliferation and ECM protein production
increasing their fibrogenic function (93). Another possibility is that CCL2/MCP-1 is
required to recruit and/or activate another cell type that is key in maintaining the
accumulating fibrocyte population and stimulate their fibrogenic effects.
Monocytes/macrophages are a possible candidate for this stimulatory role, as

CCL2/MCP-1 is a potent monocyte chemoattractant. Macrophages are capable of
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producing pro-fibrotic mediators (TGF-B/PDGF) that may be essential in maintaining an
active fibrocyte/myofibroblast population and in their absence the recruited cells may
succumb to apoptosis rather than survive and proliferate (375). More evidence is

required to understand the role of CCL2/MCP-1 in promoting myocardial fibrosis.

Cellular infiltration requires interaction of circulating cells with the endothelium (via cell
adhesion molecules) to slow, tether and facilitate extravasation into the tissue. Since
fibrocytes are derived from a monocyte lineage, it would be a logical assumption that
they may use the same adhesion molecules for diapedesis. Engagement of selectins on
the endothelial surface tethers monocytes and induces them to roll along the vessel (376).
Monocyte arrest requires engagement of their a4B1 (VLA-4) and aLB2 (LFA-1) surface
integrins to their endothelial ligands, VCAM-1 and ICAM-1 respectively (377).
Interestingly, in an attempt to inhibit cellular infiltration we used blocking antibodies
against a4 or B2 and still saw significant CD68 (ED-1) positive cellular infiltration in the
myocardium (Appendix 1 - Fig A2). In these same animals, dermal LPS injection was
used as a monocyte migration control and the blocking antibodies significantly inhibited
the infiltration of CD68 (ED-1) positive cells into LPS injection sites, similar to
published results (101). This data suggests that the infiltrating cell population
(fibrocytes) likely use alternative adhesion molecules to traffic into tissues. This was
further supported by our findings that ICAM-1 mRNA expression, nor the mRNA levels
of any other adhesion molecule tested, does not significantly change in our model;
however, this only reflects the transcript levels and not the protein expression or molecule

activation state of the individual adhesion molecules. While Pillings and colleagues
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identified the expression of several adhesion molecules present on the cell surface of
isolated fibrocytes(353), there is still a lack of functional studies determining which

adhesion molecules are required for fibrocyte migration.

9.5 The Role of Fibrocytes in Promoting Fibrosis

While fibrocytes were described several decades ago (378), they have only recently been
implicated in fibrotic processes. Fibrocyte infiltration has been demonstrated in models
of skin, lung, liver, kidney and heart fibrosis (24, 196, 211, 343). Inhibition of fibrocyte
migration or differentiation results in ameliorated scar formation and improved organ
function (60, 231, 235, 237, 238, 379). These data suggest that fibrocyte infiltration and

differentiation directly promote fibrosis.

While it is believed that fibrocytes are directly fibrogenic, the factors that this cell type
produces that propagate healing and fibrosis are still being elucidated. Fibrocytes have
been shown capable of responding to fibrotic stimuli including Angll, TGF-f,
endothelin-1, bFGF and PDGF (201, 211, 344). Our studies also show that fibrocytes can
respond to CTGF stimulation as well. Many of these factors, including CTGF, promote
fibrocyte differentiation into an aSMA expressing cell type and cellular proliferation (85,
344, 345, 359, 380). In response to stimulation with pro-fibrotic factors, isolated
fibrocytes have been shown to secrete TGF-f, bFGF, PDGF and our data also suggests
CTGF, thus creating a positive feedback loop for maintenance of cell survival and
fibrogenic activity (211, 221, 342, 345). Furthermore, fibrocytes also produce ECM

proteins, including collagen and fibronectin, which illustrates how they directly
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contribute to the scarring process (201, 211, 343, 344). Additionally, fibrocytes have
been shown to secrete MMPs including MMP-2, MMP-8 and MMP-9 (342, 374). In the
presence of TGF-f, an increase in the activation state of MMP-2 and MMP-9 can be
detected in fibrocyte cultures indicating that they also contribute to the active remodeling
of the ECM during fibrosis (374). Taken together, this data support an effector role for

fibrocytes in the initiation and propagation of fibrosis.

Fibrocytes are also believed to contribute to tissue injury by promoting the initial
inflammation. Fibrocytes secrete pro-inflammatory cytokines including IL-1, TNF-a and
IL-8, which promote tissue inflammation(221, 342). Disorders that are T-cell mediated,
such as autoimmune disease, may be indirectly promoted by fibrocytes as they are
capable of presenting antigens to T cells in the context of Class II and Class I MHC (381,
382). Therefore, fibrocyte-mediated activation of T cells can propagate chronic
inflammation, while also contributing to the corresponding fibrosis associated with these
diseases (381, 382). Others have indicated a role for lymphocytes in Angll mediated
vascular remodeling(383). We investigated the role of lymphocytes within our model of
myocardial fibrosis by infusing immunodificient RAG-1 knockout animals, which lack
functional T and B cells, and found no appreciable difference in cellular infiltration or
fibrosis after 7 days of Angll infusion (Appendix 1 — Fig. A3). While the adaptive
immunity aspect of fibrocyte function may not be directly contributing to myocardial
fibrosis in our model, these cells still might be contributing to the early inflammation by

producing inflammatory mediators.
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While the data above provides evidence that fibrocytes promote fibrosis, their effector
role has yet to be explicitly proven. Studies have been completed that strongly implicate
fibrocyte recruitment and differentiation as key mechanisms driving fibrosis. Phillips and
colleagues (2004) provided evidence that fibrocytes home to fibrotic tissue by injecting
differentiated human fibrocytes into SCID mice undergoing bleomycin induced lung
fibrosis. They detected human fibrocytes within the injured lung tissue suggesting that
fibrocytes are specifically recruited to fibrotic tissues. Other investigators tried to inhibit
fibrocyte recruitment by inhibiting chemokine signaling, including CCL2/MCP-1,
CXCL12/SDF-1a or CCL21, in various models of fibrosis. These studies showed
reduced, though not abrogated, fibrocyte recruitment and corresponding decreases in
organ fibrosis (24, 229, 231, 358). Pilling and colleagues (2003) discovered that
fibrocyte differentiation was impeded by exposure to serum amyloid P (SAP) (353). SAP
was later found to confer protection in various models of fibrosis in which SAP was
believed to inhibit fibrocyte recruitment and differentiation, suggesting that fibrocytes
differentiation is essential in the development of fibrosis (60, 247, 353, 379). We showed
that aPC treatment inhibited cellular infiltration, potentially by acting on circulating
fibrocytes, which conferred protection against Angll-mediated myocardial fibrosis.
Taken together, this data shows that fibrocytes are specifically recruited to sites of
fibrosis and if their infiltration or differentiation is inhibited the resulting fibrosis is
ameliorated. However, no evidence has yet to definitively show that fibrocytes explicitly

cause fibrosis.
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A study could be designed to address the causal role of fibrocytes in fibrosis. In theory,
one could deplete a wild type mouse of monocytes, potentially using lipid-encapsulated
clodrinate disodium, and then exposed the mice to fibrotic stimuli, such as Angll
infusion. The resulting fibrosis could later be assessed and if the disease process was
inhibited then that would provide evidence suggesting that monocytes are an important
effector population. If monocyte depletion was effective, then differentiated fibrocytes,
grown in culture from the same mouse strain, could then be injected into these mice after
the initiation of the fibrogenic stimulus. It would still be difficult to completely assess
function of fibrocytes in this study because the macrophage depletion treatment would
have to stop, as to not potentially inhibit fibrocyte function. Therefore while the isolated
fibrocytes would be supplemented in to this system and be the only initial circulating
monocyte-like cell the, the endogenous monocyte population would be capable of
replenishing itself. However, fibrocytes should be the primary early infiltrators and could
be tracked either by deriving them from a GFP" mouse strain or by labeling them with a
tracking dye such as CFSE. If fibrosis is then induced by the replenished fibrocyte in
these previously monocyte depleted animals than that would provide evidence of a causal

role for fibrocytes in the initiation of fibrosis.

9.6 Hypertension as a Fibrotic Stimulus

It has long been established that chronic hypertension promotes myocardial fibrosis and
remodeling. Theoretically, hypertension induces myocardial stress and pressure-overload
injury that then stimulates cellular infiltration and corresponding fibrosis. There has been
some debate in the literature regarding the role of Angll in hypertension-mediated

fibrosis. The vasoactive properties of Angll promote hypertension when serum levels are
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elevated but there is also evidence that Angll has fibrogenic properties that are pressure-
independent (5). Our studies using various anti-hypertensive therapies inhibited the
development of myocardial fibrosis, supporting hypertension as a physiologic fibrotic
stimulus. We used methods to block AngllI-specific signaling as well as RAS-
independent methods to inhibit hypertension, which not only inhibited ECM deposition
but also inhibited fibrocyte infiltration and pro-fibrotic/inflammatory mediator
expression. This data suggests that the influx of fibrocytes and other effector cells as
well as the resulting fibrosis is, in part, hypertension dependent in an Angll infusion
model. Interestingly, in our study using aPC as a therapeutic intervention, AnglI-
mediated hypertension was preserved during aPC treatment but the treatment still
conferred protection against Angll-mediated fibrosis. Though we believe that aPC may
circumvent the fibrotic effects on the heart in this model not by inhibiting hypertension
but by directly acting on fibrocytes. However, this data would suggest that hypertension
alone is not a sufficient enough stimulus to induce myocardial fibrosis. To further
complicate our understanding of the role of hypertension in myocardial fibrosis, the use
of anti-hypertensive agents clinically shows minimal benefit as a sole therapeutic
intervention in many cardiovascular diseases (304-306). Anti-hypertensives are typically
used in combination with other drugs, such as ACE inhibitors and/or B-blockers to
maximize benefit. This data indicates that inhibiting hypertension is not sufficient to
inhibit the progression of myocardial remodeling, including fibrosis. While conflicting,
this evidence suggests that there are both pressure-independent and -dependent

mechanisms that drive bothmyocardial fibrosis and the recruitment of fibrocytes.
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9.7 Novel Anti-Fibrotic Therapeutics

As no current therapies currently exist that effectively target the pathologic fibrotic
response evident in many cardiovascular diseases, we investigated the effect of a
potential novel therapeutic for the treatment of fibrosis. We treated animals receiving
Angll with a concurrent aPC infusion. In this study, we observed that aPC inhibited the
infiltration of fibrocytes, the deposition of excess ECM proteins and the upregulation of
pro-fibrotic and inflammatory mediators. However, we found that aPC did not mediate
these beneficial effects through its well-established pro-survival or anti-coagulant
properties. Furthermore, much of the protective effects of aPC were thought to be
mediated by the stimulation of endothelial EPCR signaling; however, we found no
supporting evidence for this in our model when we increased the endogenous endothelial
aPC-EPCR signaling using transgenic mice that overexpress EPCR in endothelial cells.
We could only speculate that aPC has direct inhibitory effect of the infiltrating fibrocytes.
We detected EPCR transcript expression in fibrocyte rich cultures suggesting that they
are capable of responding to aPC directly. The inhibitory effect of aPC on fibrocytes is
supported by evidence suggesting that EPCR signaling inhibits monocyte chemotaxis and
activation (328, 333). It is therefore plausible that aPC would confer similar effects on
circulating fibrocytes as they are derived from the same monocyte progenitor population.
This suggests that aPC may directly inhibit fibrocyte infiltration, activation and
potentially differentiation. Thus aPC treatment may directly target the fibrogenic

properties of this cell type, and as such, fibrosis itself.
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The development of an anti-fibrotic treatment option would be a useful tool for clinicians
treating patients with cardiovascular disease. By increasing myocardial stiffness, fibrosis
can directly promote heart failure. However, fibrosis is also a putative reparative process
that is initiated to compensate for cardiac injury. Studies have shown that if the fibrotic
process is completely inhibited, then the muscular walls of the heart may not be able to
sustain hemodynamic pressure after significant injury. This has been shown to promote
ventricular rupture in animal models of myocardial fibrosis (384). Fibrocytes represent a
unique avenue of potential therapy. Since fibrocytes infiltrate into tissues from
circulation, inhibition of their recruitment, shouldn’t disturb other processes that are
essential to the maintenace of function in the heart. For example, inhibition of fibrocyte
recruitment improves late scar formation in models of myocardial fibrosis but does not
completely abrogate it because resident fibroblasts are still functional within the cardiac
tissue. Therefore the heart is still capable of producing the ECM required to reinforcing
the muscular structure, allowing the heart to endure increased hemodynamic pressure but
the process may not become excessive. Inhibiting fibrocyte recruitment is also attractive
because they appear to infiltrate tissues using different adhesion molecules and
chemoattractant signals than other leukocytes. It is therefore possible that they may be
targeted for inhibition while other leukocyte subsets, including monocytes, would not be
affected, minimizing detrimental side effects of treatment. Therefore, if the appropriate
lifestyle alterations could be made in combination with a suitable drug regimen
developed to inhibit injurious physiologic stimuli (hypertension, clot formation,
cholesterolemia), an anti-fibrotic agent such as a fibrocyte inhibitor would work well in

this disease management scenario. Together, this regimen would be able to decrease the
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initial injurious stimuli as well as the downstream fibrotic pathways, thus promoting
preserved cardiac integrity and function. Furthermore, an anti-fibrotic intervention would
be useful in treating patients receiving cardiotoxic drugs, such as establish chemotherapy
treatments. In this scenario, individuals endure a non-ischemic myocardial insult and the
use of a drug that inhibits cellular infiltration, corresponding fibrosis and potentially
promotes cytoprotective signaling pathways would be an effective prophylactic

treatment. The use of anti-fibrotic drugs clinically could be monitored using serum
assays for Troponin T, a marker of myocardial damage, and perhaps serum CTGF, a
putative fibrosis biomarker, in combination with regular imaging studies to monitor wall
thickness and contraction. This would allow clinicians to monitor cardiac damage,

degree of fibrosis, contractility and risk of free wall rupture.

9.8 Translating Basic Research into a Clinical Scenario

To assess the role of fibrocytes in complex clinical cases of myocardial fibrosis, we
investigated the levels of circulating fibrocytes in patients with ischemic heart disease.
We recruited patients that were scheduled for elective CABG surgery, as these patients
initially present with established myocardial injury in which the reparative process would
have already been initiated. We assessed baseline fibrocyte levels in circulation and
investigated whether surgical trauma altered this level of fibrocytes. We detected a very
small and unchanging population of collagen expressing circulating leukocytes.
However, we were able to discern a population of circulating leukocytes with the
potential to become an ECM producing cell. A population originating from the total
isolated PBMCs remained viable in culture and developed became CD45"/Coll",

indicating that this population has the potential to develop into a fibrocyte phenotype.
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From this data we can hypothesize that once this circulating population is recruited into
tissue the cells likely differentiate into a classically described fibrocyte phenotype and
actively produces ECM proteins to contribute to fibrosis. This circulating population
appeared to be larger at baseline in patients with ischemic heart disease compared to
healthy control subjects by assessing the number of CD45"/Coll” evident in culture.
Furthermore, this population appeared to be enhanced in patients 6 hours after CABG
surgery suggesting that the surgical trauma promoted the mobilization of this progenitor
cell type from bone marrow. These data support a potential function for fibrocytes in

patients with ischemic heart disease.

9.9 Conclusion

We have effectively shown that a population of cells infiltrate into the myocardium prior
to the deposition of extracellular matrix in a model of hypertensive-mediated cardiac
remodeling. We have provided a phenotypic description of this infiltrating cell
population and were one of the first groups to identify them as fibroblast progenitor cells,
or fibrocytes. We have identified that CCL2/MCP-1 and/or CXCL12/SDF-1a do not
appear to be required for recruitment of fibrocytes into the fibrotic heart, though they
likely have alternative functional effects in the fibrotic process. We have shown that
isolated fibrocytes produce pro-fibrotic factors, including CTGF and TGF-f, and the
ECM protein collagen, suggesting that these cells can directly contribute to pathologic
fibrosis. We identified aPC as a novel therapeutic agent that can inhibit cellular
infiltration and fibrosis within the heart, potentially by having direct action on infiltrating
fibrocytes. Lastly, we provide evidence that patients with ischemic heart disease have an

increased circulating fibrocyte levels, compared to controls, which likely contribute to
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myocardial fibrosis once recruited to the fibrotic cardiac tissue. Taken together, these
data provide a significant contribution to our understanding of the mechanisms driving

myocardial fibrosis.

The current state of our knowledge of myocardial fibrosis is expansive, however, there is
a paucity of evidence relating to the early events responsible for initiating the
development of fibrosis. Given this, our experimentation was designed to elucidate the
effector cells and the early molecular signaling events promoting the initiation of fibrosis
within the heart. We have provided pivotal data that addresses this important subject.
Further elucidation of the early events of myocardial fibrosis will provide a more
substantive foundation upon which to build effective experimentation into the
development of anti-fibrotic therapies. This will allow clinicians to better tailor current
therapeutic regimens, and potentially provide a larger armamentarium of therapeutic

modalities for their patients.
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Table A1: Cell Specific Markers used to Identify Fibrocytes

Progenitor Leukocyte Mesenchymal
CD133 CD45 aSMA
GFP* Vimentin
CD34 Collagen

Combination of these either a progenitor or a leukocyte marker
with a mesenchymal marker was used to identifya fibrocyte
phenotype in the above studies.

*GFP was used as a marker of bone marrow origin in GFP

chimera animals and not specifically as a progenitor marker.
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Figure A1 CTGF and TGFp Expression by Cultured Fibrocytes

Preliminary data from studies stimulating in vitro cultures of fibrocyte rich populations
isolated from Angll exposed hearts with various pro-fibrotic stimuli. Angll stimulation
significantly increased CTGF and TGFp transcript levels. TGFf and CTGF also appear

to increase transcript levels of CTGF but did not reach statistical difference. * p < 0.05
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Figure A2 Blocking B2 and a4 Integrins during Angll Infusion

In an attempt to inhibit fibrocyte infiltration into the myocardium, we administered anti-
2 and anti-a4 antibodies at the beginning of Angll treatment as previously shown {101).
LPS was also injected into two dermal sites as a positive control for macrophage
migration (A-C). Infiltration of ED-1 positive cells into the LPS injection sites is reduced
when animals are given either blocking antibody (B, C) compared to animals treated with
a non-specific antibody (A). This suggests that these antibodies partially inhibit
infiltration of what is believe to be ED-1 macrophages and that they use 2 and 04 to
traffick into tissue sites. However, infiltration of ED-1 positive cells into the heart is not
inhibited by by either blocking antibody (D-E). This suggests that the infiltrating cells
within the Angll exposed hearts, shown to be fibrocytes, do not appear to use 2 or 04 to
extravasate into tissues. Note: The control heart presented has not been treated with a

control antibody, but was only infused with Angll. It was in the opinion of this author
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that the histology seen in myocardium of control antibody treated animal was not
representative of typical cellular infiltration. Skin micrographs were taken at 20x

magnification and micrgraphs of hearts were taken at 40x magnification.
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Figure A3 AngllI Infusion in RAG KO Animals

Angll was infused into RAG knockout animals, which do not have function T or B cells,
for 7d. Comparable cellular infiltration and fibrosis was evident in these animals by
H&E (A) and Sirius Red (B) staining. This data suggests that T and B cells likely do not
play a significant role in promoting Angll-mediated myocardial fibrosis. Images taken at

20x magnification.
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Figure A4 Dual Staining Scatterplot for Data Depicted in Figure 3.6

Representative scatterplots obtained by processing freshly isolated cells from the
myocardium of naive (A, B) and Angll exposed (C, D) animals. Dual staining for ED1

and Collagen (A, C) as well as ED1 and CD133 (B, D) are shown.
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