FROM FIBROCYTE MIGRATION TO RESIDENT CARDIAC MACROPHAGE

PHENOTYPES:

THE EVOLUTION IN UNDERSTANDING OF MACROPHAGES IN NON-

ISCHEMIC MYOCARDIAL INJURY AND FIBROSIS

by

Alec Guy Falkenham

Submitted in partial fulfilment of the requirements

for the degree of Doctor of Philosophy

at

Dalhousie University

Halifax, NS

July 2016

© Copyright by Alec Guy Falkenham, 2016



DEDICATION PAGE

Few things in life, if any, are individual accomplishments. This thesis is dedicated to all

the people that helped me get here.



TABLE OF CONTENTS

LIST OF TABLES .....ucouiiiiiiiinicnnseissicssnssecssicsssssssssissssssesssssssssssssssssssssessssssssssssssesss vii
LIST OF FIGURES ....cuuiiiiiiitinnineinuicssiensssesssssssssesssissssssessssssssssessssssssssssssssssssssssssss viii
ABSTRACT ..ucuuiiriinicnineiisnicsensesssicssisssssesssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssass X
LIST OF ABBREVIATIONS AND SYMBOLS ......coiniivisensuicsnnsecssecssssesssecsasssesans xi
ACKNOWLEDGEMENTS ...ccuiiniiniininnneisnicsensesssisssssesssscssssssssssssssssssssessasssssssssssssss xvii
CHAPTER 1 INTRODUCTION ...ccueiruicreisrecssecsenssecssecsesssnssssssasssesssssssssssssssssassssssssssassas 1
1.1  HEART FAILURE, HYPERTENSION, AND MYOCARDIAL FIBROSIS ........... 2
1.1.1 IMPACT AND DEMOGRAPHICS .........coooiiiiiiiiiieieee e 2
1.1.2  MECHANICS OF CARDIAC DYSFUNCTION .........ccccooeiiiiiiiiiiiiiiieieeesee 4
1.1.3 ROLE OF MYOCARDIAL FIBROSIS IN CARDIAC DYSFUNCTION................. 10
1.1.4 ROLE OF ANGIOTENSIN II IN MYOCARDIAL FIBROSIS ........ccccovvvcvannannnn. 14
1.1.5 CARDIAC M® AS MEDIATORS OF MYOCARDIAL INJURY AND REPAIR.....21
L1151 ETIOLOGY ..ottt 21
1.1.5.2 REVELATION 1 — M® SPECIFUM .......ccocuevieiiieeiieeeeeeeee e 22
1.1.5.3 REVELATION 2 = FCM@ ...ceooiiiieiiee ettt 36
1.2 SUMMARY OF INTRODUCTION........cootiitiiiiiieiieiesitee et 39
CHAPTER 2 HYPOTHESES, RATIONALE, AND OBJECTIVES. .....ccccceecvvvvrennces 41

2.1 STUDY 1: FIBROCYTE MIGRATION/PROGENITOR CELL
MOBILIZATION IN THE ANGII-INFUSION MODEL OF MYOCARDIAL
FIBROSIS ... 41

2.2 STUDY 2: MONOCYTE/M® DEPLETION AND AN ALTERNATIVE
CHEMOTACTIC PATHWAY IN THE ANGII-INFUSION MODEL OF

MYOCARDIAL FIBROSIS .....ooiiiiiiiiiiiiicececteeeee e 42
2.3 STUDY 3: CHARACTERIZE BASELINE RCM® PHENOTYPES

BETWEEN WT AND CCR2-/- MICE .......ccccoiiiiiiininininiitciecieeee e 43
CHAPTER 3 METHODS .....uuuiiitinieninnninsnenecssensnessnessessassassssessasssasssessssssssssessassssssas 45
3.1 ANIMALS ..o 45
3.2 SALINE/ANGII/AMD3100 INFUSION .....ccocoiiiimimininineieeeeeeieniesie e 45
3.3 LIPOSOMES ... ... s 46
3.4 BLOOD PRESSURE .....cccooiiiiiiiiiiiiiccce e 47
3.5 ECHOCARDIOGRAPHY .....cccccoiiiiiiiiiiiiiiiiiiiccecccce e 47



3.6 TISSUE HARVEST ..o 47

XA 21 Y OO 47
X 5010 T 48
3.6.3 BONE MARROW ....ooooeeeooeoeeeeeeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeee e esese e esseee e seeeneee 49
3.7 BLOOD SMEARS AND LEUKOCYTE QUANTIFICATION ..........cccommrrrrrens 50
3.8 FLOW CYTOMETRY ...ooomirveeeoeeeeeeeeeeeeeeeeeeeeeeesseseeeesessesssseesesssesseeeessssesseseeeen 50
3.9 HISTOLOGICAL ANALYSIS ...ooumorveeeooeeeeeeeeseeeseseeeesesseesseeesesssesseeeessssssseseeesen 51
3.9.1 STAINING AND ANALYZING PARAFFIN SECTIONS.......ooovvvecooooeeeeeeersoereeeeeee 51
3.9.2  STAINING FROZEN SECTIONS......ooov..oooooeeeeeeesoeeeeeeeeeseesseseeeeseeseessseeseeseeeneee 52
3.9.3 STAINING IN VITRO CULTURED CELLS ..........oooooooveeoeoeeeeeeeeee oo 53
3,10 CO-CULTURE. ... ovoveeoeeeeeeeeeeeeeeeeseeeeeeseeesseeessesssessseesessssssseesesssessesaessesesseeeenen 54
3.10.1 CO-CULTURE I — M®-FIBROBLAST CO-CULTURE.......ooo....coooooeeeveeerroereeeeee. 54
3.10.2 CO-CULTURE 2 — DIFFERENTIATED M®-FIBROBLAST CO-CULTURE......54
3.11 PROLIFERATION ASSAY ..oovocormeoreeeeeeeeeeeseeeeeseseseseesssseessseesesssesseessssssessesseen 55
3.12 GENOTYPING .cooorioveeeeseeeeeeeeeeseeeseeeeeeeesesseeesseessessseeeessesssseeeesssesseeesesesseseenen 56
313 QPCR .o eeeeee e seeee e eeeess e e ss e s ee e s s eeeeseeeee 56
3,14 STATISTICS ovveeooeeeeeeeeeeseeeeeeeeeeeeeeseeeeeeeseesseeesseeeseseeeeseeeseesseeesesssesseeaseseeseeeenen 57

CHAPTER 4 EARLY FIBROCYTE MIGRATION TO THE ANGII-
EXPOSED MYOCARDIUM IS NOT CXCL12 OR CCL2 DEPENDENT

AS PREVIOUSLY THOUGHT .....cuiiierenrennnsnensnessncssenssessssssesssessssssessasssssssssssens 59

4.1  INTRODUCTION.......cociiiiiiiiiiiiiiiictce e 60
4.2 RESULTS ... 61
4.2.1 ANGII EXPOSURE INCREASES MYOCARDIAL TRANSCRIPTION OF

CXCLIZ2 AND CCL2.......coiiiiiiiiiiiiie e 61
4.2.2 CXCR4 ANTAGONISM WITH ANGII EXPOSURE INCREASES CELLULAR

INFILTRATION AND FIBROSIS IN THE MYOCARDIUM .........ccccccccvvveuvannannne. 63
4.2.3 INFILTRATING CELLS ARE PHENOTYPICAL OF FIBROCYTES................... 64
4.2.4 CXCR4 ANTAGONISM MOBILIZES PROGENITOR CELLS, BUT DOES

NOT INCREASE BLOOD PRESSURE OR PROLIFERATION .............ccccoueu... 65
4.2.5 FIBROCYTE MIGRATION AND FIBROSIS IN THE ABSENCE OF CCR2 ........ 66
4.2.6 CCR2 DRIVES FIBROPROLIFERATION IN THE ANGII-EXPOSED

MYOCARDIUM ..ottt 68
4.3 FIGURES ..ot 70



4.4 DISCUSSION ....ooiiiiiiiiiiiieiiieee et 81

CHAPTER 5 NON-CLASSICAL RESIDENT MACROPHAGES ARE
IMPORTANT DETERMINANTS IN THE DEVELOPMENT OF

MYOCARDIAL FIBROSIS ..couuovumnnrrsmnnessmsnssssmssssssssssssssssssssssssmssssssssssssssssssssess 87
5.1 INTRODUCTION......oocoooeeeeeeeeeeeeeeeseeeseeeeseeeseeeseeeseeeesees s eeeseesese s eeeseeeeeeseeeeee 88
5.2 RESULTS . .ooveeeeeeeeeeeeeeeeeeeeeeeeseeeeesseeseeeseeeessseeseseseseesesesseessesese s s s eseseeseseseeeeees 90
5.2.1 Md® ARE PRESENT IN THE MYOCARDIUM FOLLOWING 3D ANGII

INFUSION ...coooooooeeeeoeeeeeeeeeeeee e 90
5.2.2 Md® CAN BE TARGETED WITH LIPOSOMES IN CIRCULATION .................... 92
5.2.3 MONOCYTE DEPLETION PREVENTS M® ACCUMULATION IN THE

ANGII-EXPOSED MYOCARDIUM..............ooooveeeoeeeeeeeseeeeeeeseeeeereeeeeeeeeseeeeeeen 92
5.2.4 CLODRONATE LIPOSOMES REDUCE MONOCYTE INFILTRATION IN

THE ANGII-EXPOSED MYOCARDIUM...........c...ooooovveeooeeeeeeeroeeeeeeseeeeeeeseeeeees 93
5.2.5 REDUCTION IN INFILTRATING MONOCYTES IS ASSOCIATED WITH

REDUCED MYOCARDIAL FIBROSIS ..........ooovveooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 95
5.2.6 Md® PROMOTE FIBROBLAST ASMA EXPRESSION IN VITRO...........ooocooooo..... 97
5.2.7 CX3CRI-DEPENDENT NON-CLASSICAL MONOCYTE RECRUITMENT IS

PROTECTIVE IN ANGII-MEDIATED MYOCARDIAL FIBROSIS .......cooovooo....... 98
5.2.8 TOTAL M® IN CX3CRI" ANGII-EXPOSED HEARTS DISPLAY HIGHER

LYEC EXPRESSION .........oooooeoooeeeeeeeeeeeeeeeeeeeeeee e eees oo 99
5.2.9 INFILTRATING M® IN CX3CRI"" ANGII-EXPOSED HEARTS DISPLAY

HIGHER LY6C EXPRESSION ........oovvoooeeveeoeeeeeeeeeeeeeeeeeeeeeeeee e 99
5.2.10 CX3CRI"" ANGII-EXPOSED ANIMALS HAVE A PRO-INFLAMMATORY

MYOCARDIAL ENVIRONMENT ..........oovvooeeeeeeeeeeeeoeeeeeeeeeee e 100
5.2.11 RESIDENT M® IN CX3CRI”* CONTROL HEARTS DISPLAY HIGHER

LYEC EXPRESSION .......coooveoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e esee e eeese e 100
5.2.12 DIFFERENCES IN CELLULAR INFILTRATE AND COLLAGEN

DEPOSITION INDEPENDENT OF PHYSIOLOGICAL PARAMETERS............ 101
5.3 TABLES .ocoeoeeeeeeeeeee e eeeeeeeeeeeeeeeeee e eees e eee s se s ee s s esea s s eees e eeeseeeeeeeeens 103
5.4 FIGURES ...ooveeoeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeesee e s s see s s esesea s s eses e eseseeeeeeeeens 105
5.5 DISCUSSION ...oorirveeireeeeeeeeeeeeeeeeseeeeeeeeseeeeseseeseseseeeeseseeeeseseeeseseeseseseeeseseeeeseeeens 114

CHAPTER 6 IMPLICATIONS FOR THE ROLE OF MACROPHAGES IN A
MODEL OF MYOCARDIAL FIBROSIS: CCR2” MICE EXHIBIT AN
M2 PHENOTYPIC SHIFT IN RESIDENT CARDIAC MACROPHAGES

6.1 INTRODUCTION......cociiiiiiiiiiiiiitiiie et 122



6.2 RESULTS ..ot s 124
6.2.1 NO BASELINE STRUCTURAL DIFFERENCES IN MYOCARDIUM

BETWEEN WT AND CCR2” ANIMALS..........oooovoooooeoeeeeeeeeeeeeeeeeeeeeeeeen 122
6.2.2 CCR2" RCM® EXHIBIT AND M2 SHIFT IN PHENOTYPE............ccouee.... 125
6.2.3 CLASSICAL M® INCREASE FIBROBLAST ACTIVATION IN VITRO.............. 127
6.2.4  RESULTS SUMMARY ........oooooeooeeeeeeeeeeoeeoeeeeeeeeeee oo 129
6.3 TABLES ..ot 131
6.4 FIGURES ... 133
6.5 DISCUSSION ... ee e 141
CHAPTER 7 DISCUSSION .....couvterrnerreessassssssessssessssssssssssssesssssssasssssassssssssssssasssnes 145
7.1 MY CONTRIBUTIONS IN THE CONTEXT OF LITERATURE....................... 145
7.2 FUTURE DIRECTIONS.......ccoociveieeeeeeeeeeeeeeeeeeeeeees e seeeeeeeeese s 163
7.3 CLINICAL SIGNIFICANCE .....coooouooioeeeeeeeeeeee oo 173
T4 LIMITATIONS ..o s 177
7.5 CLOSING COMMENTS .....ccoooiviieieieeeeeeeeeeeeeeeeee oo 180
REFERENCES......oucuetestnssasssssssssnsssnsssssssssssssssssnsssasssssssassssssssesssssssassssssssssssessasens 182
APPENDIX A — GENOTYPING .ccouuvrnerrnrrnensasssssssssnsssnessasssasssssssesssassssssssssssssseens 248
APPENDIX B — COPYRIGHT PERMISSIONS ......ccverrnerreensasssnsssesssnssssssssssssessaenns 250
APPENDIX C — ENDNOTES ....couevrerrcrrnssnesssnssssssesssesssnessassssssssesssssssssssssssassssssaeens 253

Vi



LIST OF TABLES

TABLE 1.1 - PHENOTYPICAL CHARACTERIZATION OF MONOCYTE AND

MACROPHAGE SUBSETS IN HUMANS AND MICE .......cocciiiiiiiiniieiieieeeee 24
TABLE 1.2 - SUMMARY OF CHANGES IN MOUSE RCM® COMPOSITION

WITH AGE STARTING AT NEONATAL.......ccoiiiiiiiiiiicceceee e 37
TABLE 5.1 - PHYSIOLOGICAL AND MORPHOLOGICAL PARAMETERS.......... 103
TABLE 5.2 - ECHO MEASUREMENTS .......cociiiiiiiiiiiceeee 104
TABLE 6.1 - QUANTIFICATION OF RCM® PHENOTYPES ......cccooiiiiiiee 131
TABLE 6.2 - SUMMARY OF FINDINGS .......cccooiiiiiiiiiiiiiiiceecee 132
TABLE 7.1 - SUMMARY OF TEMPORAL FINDINGS FROM ANGII INFUSION
MODELS IN MICE .....ooiiiiiiiiiiiciiic et 170

Vii



LIST OF FIGURES

FIGURE 1.1 - AN ANALOGY FOR THE STORY ARC IN MY THESIS ..........c.cc....... 2
FIGURE 4.1 — ANGII INCREASES MYOCARDIAL CXCL12 AND CCL2 MRNA....70

FIGURE 4.2 — CXCR4 ANTAGONISM INCREASES CELLULAR INFILTRATE
AND FIBROSIS ..o 71

FIGURE 4.3 — INFILTRATING CELLS ARE PREDOMINANTLY FIBROCYTES....72
FIGURE 4.4 — CXCR4 ANTAGONISM INCREASES CIRCULATING CD133+

LEUKOCYTES ...t s 73
FIGURE 4.5 — INCREASED CELLULAR INFILTRATE IS NOT DUE TO
PROLIFERATION ..ottt e e 74
FIGURE 4.6 — INCREASED INFILTRATE AND FIBROSIS IS NOT BLOOD
PRESSURE OR HYPERTROPHY DEPENDENT .....cccooiiiiiiiiiniiieereceeee e 75

FIGURE 4.7 — CCR2-/- MICE DO NOT EXHIBIT REDUCED INFILTRATE AND
FIBROSIS IN THE HEART FOLLOWING 3D OF HIGH-DOSE ANGII INFUSION

FIGURE 4.8 — CCR2-DEPENDENT REDUCTIONS IN INFILTRATE AND
FIBROSIS ARE TIME-DEPENDENT .....ccoooiiiiiiiiiiaieeeteeeeee et 77

FIGURE 4.9 — ECM-PRODUCING CELLS PROLIFERATE IN RESPONSE TO
CCL12, WHICH IS UPREGULATED IN THE ANGII-EXPOSED MYOCARDIUM

SUPPLEMENTARY FIGURE 4.1 - COMPARING MYOCARDIAL INFILTRATE
BETWEEN ANGII AND ANGII + AMD3100 BY HAEMATOXYLIN STAINING

FIGURE 5.2 - CARDIAC MACROPHAGES IN THE ANGII EXPOSED
MYOCARDIUM CAN BE TARGETED INTRAVENOUSLY BY LIPOSOMES. ....... 106

FIGURE 5.3 - MONOCYTE DEPLETION SIGNIFICANTLY DECREASES THE

MACROPHAGE INFLUX FOLLOWING ANGII INFUSION ......ccccciiiiniiiiienieneene 107
FIGURE 5.4 - MYOCARDIAL FIBROSIS IS SIGNIFICANTLY REDUCED IN

THE ABSENCE OF THE MACROPHAGE INFLUX ......ccccoiiiiiiiiiiniecicnieeecnee 109
FIGURE 5.5 — NON-CLASSICAL MACROPHAGES PROMOTE FIBROBLAST
ACTIVATION AND COLLAGEN PRODUCTION IN VITRO ......cccccoeiiriiniicieenne. 110

FIGURE 5.6 — NON-CLASSICAL MACROPHAGE INHIBITION
EXACERBATES MYOCARDIAL INFILTRATION AND FIBROSIS
FOLLOWING ANGII INFUSION......cociiiiiiiiiiiiiiiiiciceeicceeee e 111

viii



FIGURE 5.7 — RESIDENT AND INFILTRATING MACROPHAGES IN CX3CR1-
/- MYOCARDIA FAVOUR A PRO-INFLAMMATORY PHENOTYPE AND

ENVIRONMENT .....ooiiiiiiiiii et s 112
SUPPLEMENTARY FIGURE 5.1 - REPRESENTATIVE GATING STRATEGY

FOR CHARACTERIZING MACROPHAGES IN THE HEART ........ccccceniiiiiiiinee 113
FIGURE 6.1 - BASELINE MYOCARDIA WERE ASSESSED FOR GROSS
HISTOLOGY ...ttt st s s 133
FIGURE 6.2 - BASELINE MYOCARDIA WERE CHARACTERIZED FOR

GROSS DIFFERENCES ..ottt 134

FIGURE 6.3 - FLOW CYTOMETRIC CHARACTERIZATION OF ISOLATED
MYOCARDIAL LEUKOCYTES LABELED WITH CX3CR1, LY6C AND CD11B

.......................................................................................................................................... 135
FIGURE 6.4 — INDIVIDUAL RCM® POPULATIONS CHARACTERIZED FOR
THEIR EXPRESSION OF TNF-0l....coociiiiiiiiiiiiiiiiiiiiiccicecceeesee e 136
FIGURE 6.5 — INDIVIDUAL RCM® POPULATIONS CHARACTERIZED FOR
THEIR EXPRESSION OF IL-10 ...ioiiiiiiiiiiiiiiiiiiiicicecce e 137
FIGURE 6.6 - M1 M® ENCOURAGE MYOFIBROBLAST DIFFERENTIATION,
WHILE M2 M® FAVOUR FIBROBLAST PROLIFERATION ........cccccceviiiiiiniinene 138
FIGURE 6.7 - A SCHEMATIC OF HOW RCM® TURNOVER AND

CONTRIBUTION OF M1 VS. M2 COULD BE INFLUENCED IN (A) WT, (B)
CCR2-/-, AND (C) CX3CRI1-/- MICE .....cciiuiiiiiiiiiiiinenieeeecteteeeeesese e 139
SUPPLEMENTARY FIGURE 6.1 - REPRESENTATIVE FLOW CYTOMETRY

FOR MACROPHAGE CULTURES POST-DIFFERENTIATION .......ccccoceeiiinienene 140
APPENDIX A - FIGURE 1 —RESULTS FROM GENOTYPING WT AND

CCR2-/- MICE FOR CCR2 ...ttt 244
APPENDIX A — FIGURE 2 - RESULTS FROM GENOTYPING WT AND

CX3CRI1-/- MICE FOR CX3CRI ..ottt 245



ABSTRACT

Heart failure is a growing societal and healthcare issue for which the only long-term
therapy is transplantation. Heart failure therapies have been limited by our understanding
of a key process involved in healing termed myocardial fibrosis. Myocardial fibrosis is a
primarily a reparative response for replacing and reinforcing injured/stressed tissue with
extracellular matrix (ECM) proteins. Unfortunately, the ECM proteins which comprise
fibrosis are non-contractile. In turn, as fibrosis accumulates, the heart loses its normal
contraction and heart failure can ensue.

This thesis focuses on characterizing the evolution of thought on an ambiguous,
elusive cell type in myocardial fibrosis. Work in the AnglIl model of myocardial fibrosis
initially suggested a process driven by a single cell type, termed fibrocyte, that
accumulates in the heart prior to the deposition of ECM proteins. Fibrocytes express
hematopoietic and mesenchymal markers — a unique, hybrid phenotype that suggested
they may be a novel source of ECM-producing fibroblasts. As such, my initial aim was to
characterize fibrocyte migration to the heart in order to identify therapeutic opportunities
to reduce myocardial fibrosis. As contrary evidence accumulated, my aim shifted toward
targeting a more “monocyte-like” fibrocyte in circulation with cytotoxic liposomes.
Through happenstance, I arrived at the realization that fibrocytes were likely a blip on an
infinite scale of macrophage (M®) phenotypes. The focus of this thesis shifted once
again: | was characterizing M® phenotypes in early Angll-mediated myocardial injury.
Finally, as a culmination of misdirections and realizations, I found myself characterizing
a truly novel cell type: cardiac resident M® (rCM®).

Specifically, the work I present in this thesis demonstrates that fibrocytes do not
behave/migrate like progenitor cells. Rather, using the Angll model in tandem with
chemokine receptor antagonists, receptor knockouts, and cytotoxic liposomes, I provide
evidence that fibrocytes are more like an atypical monocyte/M®. Lastly, my work in
CX3CR1™ and CCR2™ supported growing evidence for the importance of “anti-
inflammatory” rCM® phenotypes in myocardial injury. Together, this body of work has
helped erode the fibrocyte misdirection and drawn attention to the importance of
circulation-derived and rCM® in non-ischemic myocardial injury, such as that which
occurs in the Angll model.
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and obese people are more likely to develop a range of conditions including
cardiovascular disease and cancer, but why do some people smoke cigarettes and others
not? These were the questions that rounded off my degree. [ was fortunate to have JF
around to discuss the answers to these questions. He saw disease the same way.

JF was also a support outside work. When dealing with personal or family health
issues, JF was always there to help. His wisdom got me through some very difficult
times. I am happy that JF is moving onto what seems like a better fit for his life and
career, but [ am also sad to see my mentor move away. Fortunately, as people go their
separate ways, we can always keep and share the lessons we have learned from others. I

am who I am today because of JF as a supervisor and mentor.
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CHAPTER 1 INTRODUCTION

In my acknowledgments, I aimed to highlight the fact that my education is more
than just research — it is a complex blend of science, experiences, attitudes, and people.
This is a concept that I wanted to come across throughout my thesis. All the relevant
information has been included, but it is written in my own style. In addition, I set out to
write an ‘accessible’ thesis — one that can be read without having previously researched
macrophages (M®) or cardiovascular disease (CVD). In doing so, I hope reading about
my work is less of a chore.

To open the Introduction and set the stage for my thesis, I have included the
figure below (Fig. 1.1) that draws parallels between the general biphasic response in
many forms of sterile myocardial injury (e.g. infarction and hypertension) and the
evolution of my own research. In the heart, the initial stage of healing is characterized by
a primarily pro-inflammatory, hostile, destructive environment. The latter phase is one of
resolution and healing. When I began my graduate degree, I was in the ‘hostile
environment’ of fibrocyte research. Fibrocytes were a contested cell type and
observations regarding their phenotype and function seemed irreconcilable with their
proposed role in injury, healing, and fibrosis. The advent of M® subsets in my research
helped bring clarity to my observations in a myocardial fibrosis model. The M®
activation spectrum could more accurately describe how the heart responds to injury.
Finally, the discovery of resident cardiac M® (rCM®) seemed to fill in some remaining

knowledge gaps, despite also raising more questions for future students.



Thus, my research focus over the course of my degree was biphasic like the
heart’s response to injury; it began with fibrocytes and ended with rCM®. And like the

healing phase (2), I had found a sense of resolution from the early fibrocyte turmoil.

- Phase 1 Phase 2

Anti-inflammatory
M2 activation
Non-classical monocyte recruitment

Thesis Phases

Fibrocyte ————— Macrophage subsets ———————3 Resident Cardiac
Macrophages

Figure 1.1 - An analogy for the story arc in my thesis. This figure is an adaptation from
Nahrendorf et al. on the phases of myocardial healing'. In general, Phase 1 is
characterized as a pro-inflammatory environment, while Phase 2 is anti-inflammatory
and pro-fibrotic (resolution of injury and inflammation). The details of myocardial
healing will be discussed in greater detail throughout my thesis. For me, Phase 1 of my
degree primarily revolved around fibrocytes. In contrast, Phase 2 of my degree focused

on macrophages. The transition from fibrocytes to macrophages was bridged by the
advent of macrophage subsets.

1.1 Heart Failure, Hypertension, and Myocardial Fibrosis
1.1.1 Impact and Demographics

If I were giving my elevator speech about my research, I would probably start

with the broadest topic: heart failure. The broadest topic also happens to be the



culmination of a tragic demise of an otherwise incredible organ. The heartbeat is
detectable as early as 6-7wks and continues until the end — sometimes even taking a
detour into another individual’s body (i.e. transplantation)”. Throughout its life, the heart
grows stronger in the face of adversity, pushing its cells to their limits until the walls
close in on the chambers or the force of blood stretches the chambers thin. As the heart
bends beyond the point of compensation, it loses its native structure and with it, its
normal function: heart failure ensues.

Simply put, heart failure describes the inability for the heart to adequately
circulate blood to peripheral tissues®”. As such, any number of cardiovascular
complications can be upstream of heart failure. Importantly and unfortunately, it is the
final pathway for many cardiovascular pathologies’. For the estimated 600 000 Canadians
currently living with heart failure, it carries a 3-year mortality that approaches 50%°.

Heart failure is a growing global health issue with no obvious solution in sight”®.
On one hand, common risk factors such as obesity and hypertension are on the rise’ ',
For example, 2/3 of Americans are either pre-hypertensive (at or above 120/80mmHG,
but below 140/90mmHg) or clinically hypertensive (at or above >140/90mmHg)"?. Some
point to genetic differences as a primary cause, but the magnitude of hypertension in
countries such as the United States of America and Canada suggests the underlying
factors are more widespread'. Indeed, other risk factors for hypertension include
tobacco, alcohol, salt-intake, obesity, and lack of physical activity, but epidemiological
studies suggest many of these factors can be a consequence of complex socioeconomic
differences in populations”'*"". And while many suffer from risk factors such as

hypertension, the detrimental effects are often not realized until later in life — such is the



insidiousness of CVD'®. Moreover, our life-saving and -extending therapeutic approaches
for CVD can have unintended consequences. For example, the more people that survive
acute cardiac events, such as heart attacks, the more go on to develop heart failure: 50
000 new patients are diagnosed in Canada each year®.

Patients suffering from heart failure may experience symptoms that lower their
quality of life such as pain, anxiety, fatigue, shortness of breath, coughing, confusion,
swelling in extremities, and depression'® >*. One of the sadder realizations I came to
while writing this thesis was that, like hypertension, we do not all suffer from heart
failure equally: some are more likely to suffer than others. Yes, some of this group
include those with congenital heart defects and rare heart infections, but more so, those
with a lower socioeconomic status and a stressful environment (i.e. social determinants of

health) suffer disproportionately™®’**

. Thus, as socioeconomic disparity increases both
within and between countries, rates of heart failure can be expected to rise.
Together, these facts and statistics support an enormous demand for researching

and addressing the prevalence and impact of heart failure, its risk factors, and underlying

causces.

1.1.2  Mechanics of Cardiac Dysfunction

Thus far, my aim has been to describe the types and number of people who suffer
from heart failure and the upstream risk factor, hypertension. In this section, my objective
is to deconstruct heart failure and hypertension into the mechanics of cardiac function
and dysfunction. In addition, I will introduce myocardial fibrosis — the excess deposition

of ECM proteins — as an important culprit in cardiac dysfunction.



In order to understand the physiological impact of heart failure, one must first
understand the normal mechanics of cardiac function and their importance in providing
adequate circulation. As previously mentioned, the heart relies on coordinated, fluid
contraction to efficiently pump blood to peripheral tissues — each part of the heart has a
role in the different stages of contraction. As such, cardiac dysfunction takes many forms
depending on the type and location of injury, but can be broadly separated into the 2
phases of the cardiac cycle: (i) diastole and (ii) systole’. These 2 phases represent the
“fill’ and ‘pump’ of the heart cycle, respectively.

Returning to basics: the mammalian heart has 4 chambers that coordinate to
accept and eject blood to and from systemic and pulmonary circulation®. Each side of the
heart has an atrium and a ventricle. Mechanically, the atria — sitting atop the ventricles —
are weak pumps, primarily serving as collecting reservoirs for blood'. In contrast, the
ventricles are the powerful, ejecting chambers, drawing blood from the atria to recirculate
through pulmonary and systemic vasculature. During diastole, the heart is in a stage of
relaxation. Oxygen-poor blood returns to the heart via the right atrium. As systole (i.e.
contraction) sets in, the heart begins to contract in a top-down motion. In quick
succession, this sends the returning blood from the right atrium to the right ventricle and
off to the lungs for re-oxygenation. On the left side of the heart, diastole allows the left
atrium to fill with blood returning from the lungs. Like the right side of the heart, during
systole, there is a quick succession of contraction from the left atrium to left ventricle that
ultimately ejects blood to circulation. While not belittling the role of the atria, the cardiac
cycle highlights the functional importance of the ventricles. Without properly functioning

ventricles, blood can neither be pumped to the lungs for re-oxygenation nor, circulated to



peripheral tissues™ . Thus, one can begin to imagine how maladaptive changes in the
ventricles could not just impair normal cardiac function, but also entire bodily systems.

In the face of adversity, the heart has 2 primary compensation mechanisms - (i)
physiological and (ii) structural — to address changing demands and challenges. In
essence, the heart attempts to return itself to a homeostatic state — one in which it meets
the demand of peripheral tissues and maintains its structural integrity’>*****_ Neither of
these are mutually exclusive — rather, prolonged changes in the physiological state affect
the structure of the heart and vice versa. Relevant to this thesis, in hypertension, the heart
also faces 2 types of challenges in order to maintain homeostasis: (i) reduced blood vessel
diameter and (ii) increased blood volume®®. These 2 general factors that influence blood
pressure modulation are downstream of complex signalling pathways that include renin-
angiotensin-aldosterone system (RAAS) activation and sympathetic nervous system
activation.

Physiologically, blood pressure is constantly modulated to influence the stress on
the heart and the ability to perfuse peripheral tissues™*. Simply, blood pressure is the
sum of the control of blood flow to tissues in proportion to metabolic demand. Physically,
blood pressure describes the force circulating blood exerts on the endothelial lining of
blood vessels™. Our bodies regulate blood pressure by adjusting the volume of blood
being circulated, termed cardiac output (CO), and/or contracting or relaxing blood
vessels, reflected as vascular resistance (VR). CO and VR are primarily modulated
through neuroendocrine systems and salt homeostasis — the former includes the RAAS,
which will be discussed in greater detail in the Angiotensin signalling section of the

introduction®. Increases in CO and/or VR lead to the development of high blood



pressure, or hypertension. Hypertension is a condition in which said pressure is greater
than is necessary for tissue perfusion”*>>. And while many people with transient or
even chronic hypertension may not feel any overt symptoms, the excess pressure can
cause injury to the vessels and requires the heart to contract with more force to circulate
blood. In turn, the vessels and heart can suffer the long-term consequences of
hypertension. Fortunately, many of the physiological adaptations that modulate stress on
the heart are reversible, which is why a short period of moderate hypertension may not
cause significant long-term injury. In contrast, the maladaptive structural changes the
heart undergoes in response to stress can be more permanent.

Structurally, the way the heart compensates is dependent on the cause of
hypertension — though the causes are not mutually exclusive. In blood pressure-
hypertrophied (i.e. TVR or narrowing vasculature) hearts, the heart needs to increase the
force of contraction and in turn, fundamentally change its functional units:
cardiomyocytes. As terminally differentiated, non-dividing cells, cardiomyocytes can
only compensate for increased demand by amplifying cell growth, termed

hypertrophy>~°

. The cardiomyocytes increase contractile protein synthesis, laying down
new sarcomeres in parallel. Thus, as the cardiomyocytes increase their ability to contract
with greater force, they are able to compensate against resistance, such as that which
occurs with hypertension®. There are limits and consequences to this compensation
though. The cell growth thickens the ventricle wall(s), invading on the available chamber

volume and reducing the potential volume of blood ejected’. As such, the ventricle forms

greater resistance for normal blood flow and the upstream pressure increases the stress on



the left atrium, pulmonary circulation, and the right side of the heart. The combination of
the intensity and duration of this stress can culminate in right-sided heart failure as well.

Volume overload hypertrophy can increase cardiac mass without increasing wall
thickness. Volume overload hypertrophy differs from pressure hypertrophy in that the
former leaves the heart with high ventricular pressure post-contraction®. As a
consequence of volume overload, the chamber dilates to provide more space for the
increased volume of blood. In turn, heart mass can still increase in volume overload due
to the increased size of the chamber, but not necessarily with a concurrent increase in
wall thickness. Thus, both pressure and volume overload push the heart to its limits and
disrupt its normal shape and structure — these changes are reflected by adaptations and
changes at the cellular level. As these compensation mechanisms fail and cardiomyocytes
become apoptotic, the heart reinforces by increasing ECM deposition, or myocardial
fibrosis>~.

Focusing on left heart failure, the primary difference between systolic and
diastolic heart failure is the preservation of ejection fraction (EF) in the latter, for which

the formula can be found below'>*:

Left ventricular diastolic volume—Left ventricular systolic volume

x 100 = EF (%)

Left ventricular diastolic volume

The volumes in the above equation refer to blood within the heart’s left ventricle (LV) at
different times during contraction. As previously mentioned, blood enters the LV during
diastole (i.e. relaxation) and leaves the LV during systole (i.e. contraction). Conceptually,

one can imagine a case of systolic heart failure as blood filling the LV, but because the



heart has a weak contraction, the blood remains in the LV, thus reducing EF. Impaired
systolic function is typical of patients suffering from coronary artery disease, previous
myocardial infarctions, and infections of the heart’’. These are largely conditions that
result in a loss of cardiomyocytes over a short duration and in turn, require a quick, large-
scale repair with less regard for maintaining normal function. These large-scale repairs,
such as that which occurs in an infarct zone, are primarily composed of immune cells,

fibroblasts, and the ECM proteins synthesized by the latter®~* *°

. In summary, systolic
heart failure is often a result of significant cardiomyocyte death in the left ventricle and is
characterized by the impaired ability for the heart to eject blood to systemic circulation.
Dissimilarly, the concept of diastolic heart failure grew from the observation that
some patients exhibited heart failure symptoms with minimal change to systolic function

. c . \41-43
(i.e. preserved ejection fraction)

. Diastolic heart failure is often observed in (i)
elderly patients who typically have (ii) not suffered significant coronary artery disease,
but (iii) have a history of hypertension or restrictive cardiomyopathy*'**’. As such,
diastolic heart failure is more a consequence of an insidious disease process — one that
slowly stiffens and hypertrophies the ventricle without large-scale cardiomyocyte loss.
These patients also typically exhibit (iv) concentric dysfunction due to extensive
interstitial fibrosis, such as that observed with hypertension®. The interstitial fibrosis
observed with diastolic heart failure may not contain an abundance of immune cells, but
still likely features fibroblast proliferation and excessive ECM production.
Physiologically, diastolic heart failure patients present with reduced CO as a result of left
4144

ventricular hypertrophy (i.e. thickening ventricle wall .. reduced chamber volume)

Conceptually, one can imagine diastolic heart failure as the left ventricle filling with a



reduced volume of blood, but said blood is still able to eject efficiently from the chamber.
Taken together, the types of patients suffering from diastolic heart failure may not
initially appear to be as morbid as their systolic heart failure counterparts and the
preserved ejection fraction masks the former’s clinical presentation.

Importantly, while heart failure is most commonly associated with left ventricular
systolic dysfunction, up to 40% of heart failure patients present with a normal or slightly
reduced ejection fraction*”. Moreover, complex combinations of comorbidities (e.g.
hypertension, coronary artery disease, and cardiomyopathies) translates to patients that

M43 Further

may not exclusively fall into a category of systolic or diastolic heart failure
uniting heart failure patients is the importance of myocardial fibrosis in cardiac

dysfunction.

1.1.3  Role of Myocardial Fibrosis in Cardiac Dysfunction

Beginning this thesis with heart failure was a bit like giving away the ending of a
story. Rather, heart failure is a series of symptoms reflective of pathological changes in
the myocardial structure and function, as described above. These changes are, in large
part, a by-product of myocardial injury and the subsequent healing response that involves
scar formation.

The development of scar tissue in the heart, termed myocardial fibrosis, is a
common pathological feature in CVD and the beginning of the end for a heart entering
heart failure***’. Myocardial fibrosis is characterized by the excessive deposition of
ECM proteins in response to injury and/or disorder. There are 2 overarching types of

myocardial fibrosis: (i) reactive interstitial fibrosis and (ii) replacement fibrosis. Reactive
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interstitial and replacement fibrosis can occur throughout the heart and are common in
models of hypertension, including the exogenous Angiotensin II (Angll)-mediated model
used in our laboratory*’ "

Regardless of the etiology of myocardial fibrosis, there are 2 hallmarks of the
pathology: (i) an upset in the balance of ECM protein deposition and degradation and (ii)

the inability for these proteins to contract’>'>

. ECM proteins serve as the scaffolding
for tissue organization and structure — they provide the ‘skeleton’ for organs like the
heart™. In addition, they act as a reservoir for growth factors and cytokines. As such, the
deposition of ECM proteins alone is neither reflective of a pathology, nor necessarily
cause for concern. ECM proteins are constantly turned over by a tandem of the enzymes
matrix metalloproteinases (MMP) and their inhibitors, termed tissue inhibitors of
metalloproteinases (TIMP). While MMP degrade the existing ECM, TIMP inhibit said
degradation™*.

The other half of the fibrosis equation is the cell type producing the majority of
ECM proteins: the fibroblast®. Fibroblasts and their activated/differentiated form,
myofibroblasts, are derived from mesenchymal origins and represent the most abundant
population of cells in the myocardium, constituting 40-60% of the cells in a normal

30,39,51,54
heart™ """

. These cells are responsible for building the ECM, producing a significant
portion of the collagen type I (~85% of myocardial collagen) and collagen type III (~11%
of myocardial collagen) found in the heart’>. The remaining ECM components include

other collagens (e.g. types IV and V), fibronectin, laminin, and elastin***®

. Early
anatomists suggested fibroblasts formed the glue that held the myocardium together

during contraction. While this was and continues to be an oversimplification, the types I
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and III collagen that fibroblasts produce provide the scaffolding for cardiomyocyte
contraction. My favourite analogy for the fibroblast-cardiomyocyte relationship is that of
a weightlifter and a spotter’. The fibroblast sits idly by as the spotter, watching to make
sure that the weightlifting cardiomyocytes are able to do their job. When the
cardiomyocyte can no longer perform its job, then the fibroblast steps in to fill the void —
figuratively and literally. Figuratively, the fibroblast fills the void by quickly responding
to myocardial stressors, such as hypertension, by promoting protein synthesis in
cardiomyocytes™. As such, fibroblasts can help cardiomyocytes fill the “functional void”
caused by hypertension. Literally speaking, the fibroblast synthesizes more ECM proteins
to either replace lost cardiomyocytes (i.e. apoptotic/necrotic) or structurally reinforce the
interstitial spaces between cardiomyocytes.

The unfortunate consequence to this response is the increased deposition of non-
contractile proteins in an organ that relies on contractile proteins to function properly.
Not only does the heart require strong contraction to eject the blood and perfuse
peripheral tissues, the contraction must also be beautifully synchronized to encourage

#3738 As Dr. Légaré’s previous student — Nicole Rosin — analogized,

ideal function
increasing the interstitial myocardial ECM proteins is a bit like wrapping a belt around an
inflating balloon. To take that analogy one step further, it is also a bit like adding a rigid
band inside the balloon too: ultimately, the heart needs to contract and relax in a
coordinated fashion that is disrupted by myocardial fibrosis.

In defense of myocardial fibrosis — yes, I’'m defending the pathological feature

that seemingly impairs cardiac function and can lead to heart failure — over and over

again, research has demonstrated that it is a necessary process to stabilize and reinforce
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. 51,59
the heart under acute and chronic stress’"

. In many respects, cardiac healing operates
much like an emergency room — “stem the bleeding and death at all costs, regardless of
the long term consequences'. After all, the heart does not stop beating while it is being
repaired — it is not like others muscles that can fully rest during recovery. Rather,
myocardial fibrosis is a delicate dance between excessive and insufficient scar formation.
Experimentally inhibiting fibrosis after myocardial infarction, for example, results in

59,60
|

maladaptive structural changes, such as dilatation, that can culminate in rupture n

contrast, excessive scarring — the hallmark of myocardial fibrosis — can unnecessarily

25,29,46,61,62 T
<2050 But how much fibrosis is too

stiffen the ventricles, causing cardiac dysfunction
much? And as we move toward therapies that modulate the fibrotic response, how much
is too little?

For now, the take home message with myocardial healing is that a certain amount
of fibrosis, regardless of the resulting cardiac dysfunction, may be a necessary evil. I say
‘for now’ because targeting fibrosis is only one approach for reducing cardiac
dysfunction. Other experimental therapeutic approaches focus on another shortfall of
myocardial healing: cardiomyocytes do not replenishiV 6364 In addition, downstream
vasculature lost to injuries such as infarcts are also not readily or easily replaced. As
such, even as new cells could be laid down, there may be insufficient blood supply to
encourage or maintain novel cardiomyocytes®* ®’. Thus, the delicate dance between too
much and too little fibrosis does not just involve one cell type (i.e. the fibroblast). Rather,
all the myocardial cells play a role in appropriate healing, including endothelial cells,

fibroblasts, progenitor cells, cardiomyocytes, and the yet to be mentioned white blood

cell populations that can shape the tissue environment®. Despite the body’s best efforts,
pop p P y
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the consequence of what continues to be ‘normal’ cardiac healing is ever increasing ECM
proteins that lead to dysfunction that can culminate in heart failure. One of the key factors

involved in promoting ECM deposition, particular in hypertension, is Angll.

1.1.4 Role of Angll in myocardial fibrosis

Angll signaling is immensely complex, involving practically every organ of
which one can think including the brain, heart, liver, and kidneys. When I first set out to
describe the role of Angll, I was almost 20 pages into my thesis and the amount of detail
was becoming exponential. I was captivated by its role in blood pressure regulation
because it was such an intricately linked system that seemed to have a response to any
possible deviation from homeostasis. On the other hand, AngllI can have profound
destructive effects that culminate in inflammatory injury and a resulting fibrotic
response’ % 7%, The focus of this section is to further bridge the gap from the symptoms
and mechanics of heart failure and hypertension to mediators of myocardial injury and
fibrosis.

The hormone AnglI is the main effector molecule in the RAAS”. Indeed, the
RAAS is one of the key long-term regulatory systems for blood pressure and the
upregulation of its constituents and activation are associated with a variety of CVD

74,75

processes including hypertension and heart failure™"". In brief, Angll is generated

through a series of enzymatic reactions that proceed as follows””’*”7*;
(1) The enzyme renin is produced in the kidneys, but is also produced locally

in the myocardium.

(2) Renin cleaves the angiotensin precursor, angiotensinogen, which is
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produced in the liver and also locally in the myocardium. Angiotensinogen
is cleaved to Angiotensin I (Angl), which inhibits angiotensinogen
production in a feedback loop.

3) Angl is cleaved to Angll by angiotensin converting enzyme, or ACE.

ACE is primarily produced in the pulmonary vascular endothelial cells,
where it remains membrane bound. ACE is also able to degrade the anti-
hypertensive bradkynin, further enhancing the pro-hypertensive properties
of the RAAS.

Angll and its other metabolites exert their effects via the 3 primary Angll G-
protein coupled receptors: Type 1 (ATIR), Type 2 (AT2R), and Type 4 (AT4R)". The 3
receptors exhibit distinct functions and expression profiles that reflect their differing roles
in CVD. ATIR is the primary receptor for Angll in adults and mediates many of the
cardiovascular effects observed with AnglI stimulation’’. In contrast, AT2R is expressed
at its highest levels shortly after birth and is normally expressed at low levels in adult

. 79,80
tissue

. Highlighting the importance of AT1R in CVD, 25% of hypertensive patients
worldwide take angiotensin receptor blockers (ATRB), which exhibit significantly higher
selectivity (i.e. 10,000-30,000x) for ATIR relative to the other Angiotensin receptors" .
Moreover, the efficacy of ARBs in reducing CVD risk, treating hypertension, and
slowing the progression of chronic kidney disease reflects the importance of this receptor
in a variety of disease processes®” ™.

The vasoactive properties of AngllI are well-established’””*’”. The intense

vasoconstriction elicited by Angll is primarily mediated by direct effects of the peptide

on ATIR expressed on vascular smooth muscle cells (VSMC)®. AnglI also acts directly
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on the kidneys to increase tubular sodium resorption, which, increases blood volume and
in turn, increases blood pressure. In addition, Angll is also able to indirectly increase
blood pressure via the production of other hormones. For example, Angll acts on (i) the
brain’s hypothalamus and posterior-pituitary to increase the production of anti-diuretic
hormone (ADH, or vasopressin) and (ii) the adrenal cortex to promote the production of

35,87,88
aldosterone>>*"

. Modulation of these pathways in the brain alters thirst and appetite for
salt, thus also influencing the kidneys’ blood pressure regulation®.

AT2R also appears to have a minor role in blood pressure regulation through the
regulation of drinking behavior®” . In contrast to ATIR signaling though, AT2R is
believed to serve as a counterbalance to the pro-hypertensive effects of Angll; while less
understood, AT2R appears to mediate a minor role in reducing blood pressure®.
Together, these pathways and systems represent an oversimplification of how Angll
influences blood pressure. Importantly, the response to RAAS over-activation, such as
that which occurs in hypertension, can lead to cardiac hypertrophy and myocardial
fibrosis through mechanisms that include:

(1) Oxidative stress in cardiomyocytes, endothelial cells, and vascular smooth

muscle cells” %%,

(ii)  the production of chemokines such as CCL2 and CXCL12", which are

involved in the recruitment of pro-inflammatory leukocyte populations
(e.g. classical monocytes and T-cells) and the migration of

47,70,71,93
myofibroblasts*"""",
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(ii1))  the increased expression of adhesion molecules and integrins, which allow

leukocyte populations to bind to the vessel wall and undergo diapedesis’*

99

(iv)  the initial pro-inflammatory state of infiltrating cells (e.g. production of
pro-inflammatory cytokine production and reactive oxygen species)
favours further tissue injury in the perivascular’>’*'%1%2

(v) and finally, through the expansion and activation of fibroblasts in tandem
with a shift toward pro-fibrotic leukocyte populations, the injured tissue is
repaired/replaced through fibrotic deposition.

These mechanisms are largely conserved between hypertensive models of myocardial
fibrosis, which include (i) aortic banding, (ii) exogenous aldosterone infusion, (iii)
spontaneously hypertensive rodents, (iv) nephrectomy, and (v) stress® =~ +1971% The
detrimental effects of Angll extend beyond its hypertensive role though.

While short durations of Angll infusion seemingly favour hypertension-dependent
pathways to myocardial fibrosis, chronic Angll signaling in the absence of hypertension
appears to be a pro-fibrotic factor in itself. In age-related fibrosis studies using
spontaneously hypertensive rats, inhibition of Angll signaling using ACE inhibitors or
ARBs ameliorated cardiac hypertrophy and myocardial fibrosis. However, when age-
matched controls were also controlled for blood pressure using the anti-hypertensive
hydralazine, animals with preserved Angll signaling still exhibited greater hypertrophy
and fibrosis. Highlighting the role of AngllI signaling in this response:

(1) Aged myocardia exhibit increased ATIR mRNA relative to younger

controls and”’
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(ii)

Increased ATIR signaling is associated with a breadth of pro-

inflammatory and pro-fibrotic cytokine production**'**'°.

This is in light of growing evidence that Angll is a potent pro-inflammatory mediator in

the pathway to tissue fibrosis ‘**!"''"'8 Similar to hypertension-mediated injury and in
p Y Yp jury

support of the role for Angll in inflammation:

(1)

(ii)

(iii)

(iv)

)
(vi)

(vii)

(viii)

(ix)

ATIR is expressed on a variety of leukocyte populations including — and

most relevant to this thesis — monocytes and M®''*'*°,

Angll promotes monocyte and M® production of pro-inflammatory

cytokines including TNF-a and [L-6"2%121

2

Angll increases the expression of CCR2 on monocytes, thus enhancing the

chemoattractant effect of CCL2'**'%

Angll promotes the release of pro-inflammatory monocytes from a splenic
reservoir’*,

AnglI promotes CD4 " T-cell IFN-y and TNF-a. production'*'*,
increased Angll signaling promotes vascular endothelial dysfunctionVii
which involves decreased nitrous oxide (NO) production and increased
production of pro-inflammatory cytokines/chemokines (e.g. CCL2) and
reactive oxygen species (ROS)"1124126,

AnglI also promotes chemokine production in VSMC including CCL2'%,
Angll promotes monocyte adhesion to endothelial cells in processes
dependent and independent of adhesion molecules and selectins’'** ',
And local renin-angiotensin system activation, including AnglI synthesis,

. 114,131,132
increases vascular permeability 7.
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While this is by no means an exhaustive list, the aforementioned mechanisms likely serve
a primary role in the destructive force of Angll. Moreover, a commonality amongst these
mechanisms is the direct and indirect effects Angll has on the vasculature.

In addition to its role in inflammation, Angll has a complementary role in the
subsequent healing process, but not necessarily in a way that benefits the host. In the
process of activating various inflammatory pathways, tissue injury is almost inevitable.
As such, tissue lost to inflammatory injury needs remodelling. AnglI can act on the
primary cells involved in reparative, remodelling processes, namely fibroblasts and their

mature, activated form, myoﬁbroblastséz’133’134

. Myofibroblasts are much more potent
producers of ECM proteins, such as collagen. The appearance of myofibroblasts in the
myocardium is largely indicative of a pathological process; normal myocardial tissue
does not typically contain many myofibroblasts, though they can accumulate with

age™ ">+ Fibroblasts and myofibroblasts express the Angiotensin receptors, ATIR

and AT2R, and when stimulated with Angll, increase their production of collagen'*'*!,
The increased ECM deposition is primarily downstream of pro-fibrotic growth factor
intermediaries that include connective tissue growth factor (CTGF) and transforming
growth factor-p (TGF-B)***>% 13313192 These growth factors can act in both an
autocrine and paracrine manor; TGF- is able to (i) stimulate the differentiation of
fibroblasts to myofibroblasts, while also promoting (ii) cardiomyocyte hypertrophy, (iii)
VSMC proliferation, and (iv) epithelial to mesenchymal transition — all important

62,94,133-135,143

features in Angll- and hypertension mediated cardiac remodeling . In support

of a direct role for Angll-mediated remodeling, blocking the AnglI receptors in cardiac

fibroblasts using the ARB losartan attenuates pro-fibrotic TGF-p production'>>"**.
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The production and effects of TGF-f are neither Angll dependent, nor limited to
fibroblasts and myofibroblasts. Indeed, TGF-f-mediated fibrogenesis is largely
conserved amongst fibrosis models including those with a hypertension component. For
example, inhibiting early TGF-f signaling in pressure overloaded rat hearts with

29,143

neutralizing antibody limits fibroblast proliferation and in turn, fibrosis . In contrast,

overexpression of myocardial TGF-p exacerbates hypertrophy and fibrosis'>. Leukocyte

lineages such as M® subsets can also produce and respond to TGF-f3 in ways that can

29,60,62,135,142,144,145

both modulate inflammation and promote fibrosis . Relevant to this

thesis, fibroblasts are often downstream targets of M® TGF-p production®-%60:133:142:146-

148 Together, the abundance of fibroblasts in the myocardium in combination with their
activation through both (i) hypertension-dependent and (ii) AnglI-dependent mechanisms
make them an important mediator in Angll-mediated myocardial fibrosis.

Importantly, inflammatory injury and fibrosis do not represent distinct phases of
cardiac healing, but rather a continuum: while the injury is occurring, the processes that
mediate the fibrotic response are simultaneously developing’>'**. Growth factors such as

TGF-B may be better known for their role in promoting fibrosis, but even the pro-

inflammatory cytokines including TNF-o and IL-6 have profound effects on

- 121,149-151
fibrogenesis

. For example, in different environments, [L-6 can activate both pro-
inflammatory or anti-inflammatory/pro fibrotic states in M®. And bridging the gap
between inflammation and healing, co-culturing M® and fibroblasts stimulates IL-6
production. Consequently, this IL-6 production increased TGF-3 production and in turn,

121

increased fibroblast production of ECM proteins such as collagen “'. Moreover, IL-6 is

an important factor in promoting cardiomyocyte hypertrophy'*>'>*. As such, while one
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can imagine this process as beginning in a very pro-inflammatory state and shifting
toward an anti-inflammatory/pro fibrotic state, the period in between is characterized by a

110014155 1t {5 this transition period from inflammation

diverse milieu of cells and signals
to healing that may offer the greatest therapeutic opportunity because it provides
researchers and clinicians alike the ability to prevent unnecessary inflammatory tissue
injury'*’. In turn, shortening this phase may permit the inflammation to mediate the
necessary changes for adequate, but not excessive, remodeling.

Together, these processes and interactions highlight the complex relationship
between different cell types — MO, fibroblasts, cardiomyocytes, endothelial cells, and

VSMC — and the pleiotropic signaling molecules involved in cardiac healing”'*®. T

n
addition, it also demonstrates the complexity in separating the direct effects of Angll
from the effects mediated by hypertension.

Thus far, I have introduced some of the key players in myocardial fibrosis,
including the hormone Angll and its effects on hypertension, fibroblasts and
myofibroblasts, as well as hinted at the main character in this story: M®. My thesis has

largely focused on the role of this evolving cell type and as I move to the next section of

the introduction, I will elaborate on the role of M® in myocardial injury and fibrosis.

1.1.5 Cardiac M® as Mediators of Myocardial Injury and Repair

1.1.5.1 Etiology

When I began my graduate work, there was only 1 source of M® in the heart:
circulation""””. M® were the tissue-bound, mature form of their monocyte precursors that
patrolled circulation. Moreover, M® were assumed to be absent in healthy myocardial

tissue and a by-product of tissue injury and repair'>*. In 2012, Pinto et al. turned that
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idea on its head: they discovered an abundant resident M® population in the heart during
steady-state””’ . In this section of the introduction, I will discuss the role of M® in
myocardial injury and fibrosis by examining their origins, migration, and phenotypic and
functional subsets.

I will begin with a bold statement: M® are virtually essential to the development
of myocardial fibrosis. No, they may not be the cells producing the collagens and other
ECM proteins that comprise fibrosis, but repeatedly, researchers have demonstrated that a
significant reduction in infiltrating M® in the heart significantly reduces
fibrosis®”"*"°%1> As previously mentioned, this can be both beneficial and detrimental:
too much fibrosis and the heart permanently loses function, but too little and the heart can
succumb to physiological stress. The story of M® in myocardial fibrosis is more complex
than just their numbers though. In order to explain the complexities of M® and
monocytes in myocardial injury and fibrosis, I have divided this section into 2
revelations:

(1) Monocytes and M® are on an infinite spectrum of differentiation and

activation states

(i1) The presence of a resident M® population in the myocardium.

1.1.5.2 Revelation 1 — M® Spectrum

M® and their circulating precursors, monocytes, are not a uniform cell type and this

145,160,161

has important ramifications for their role in disease . Before I continue though, I

need to provide some clarification on the nomenclature:
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(1)

(ii)

(iii)

(iv)

)

(1)

(ii)

The nomenclature is an oversimplification of an infinite spectrum of
monocyte and M® phenotypes. Rather, monocytes and M® are often
discussed in terms of the spectral poles of activation (i.e. classical vs. non-
classical and M1 vs. M2, respectively).

Monocytes exist on a spectrum of differentiation from an early classical
phenotype to a later, more mature, non-classical phenotype'®* .

In tissue, the M® spectrum extends from the pro-inflammatory M1 subsets
to an array of M2 subsets with functions that include regulating
inflammation to promoting angiogenesis and fibrosis''®"'¢717,

Within literature — and to add unnecessary confusion — M1 and M2
differentiation can be referred to as classical and non-classical activation,
respectively.' >

The tissue environment dictates M® differentiation towards M1 and M2
activation (i.e. the cytokine milieu will activate M® in a particular way
that alters their phenotype and function)'®>'7>!'"7,

There is no strong consensus on the differentiation of one monocyte subset
toward a particular M® subset, but evidence supports classical to non-
classical monocyte differentiation. This has given rise to non-classical
monocytes being referred to as ‘M® of circulation’**'%,

Adding further complexity, while some researchers have suggested all

monocytes are inflammatory, evidence from myocardial infarct models

contradicts such a theory'>*. For example, disrupting the CX3CL1-
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(iii)

CX3CRI chemotactic axis impairs the recruitment of non-classical

monocytes, which in turn, prevents inflammation resolution’?,

Lastly, I argue that the terminology has unnecessarily contributed to

overlapping research and confusion by assigning monocyte and M®

subsets with names such as fibrocytes

ix178,179

. If one assumes that

monocytes or M® are a single phenotype cell, then inevitably, researchers

will assume they are studying a novel cell type. Underlying this trend may

be the fact that classical monocytes represent a naive myeloid lineage with

vast differentiation potential ™.

The phenotypic characterization of the broad monocyte and M® subsets in humans and

mice is described below in Table 1. Hopefully, the points above and table below will help

provide some clarity as I move forward in describing the roles of monocytes and M® in

myocardial injury and fibrosis.

Table 1.1 - Phenotypical characterization of monocyte and macrophage subsets in
humans and mice

Classically Intermediate Non-classical
(inflammatory, M1) (patrolling, M2)
- ] + + CD14°CD16™"
Human CD14™CD16 CD147'CD16 (or CD149"CD16")
Mice CD11b'/CD115/Ly6C"" | CD11b"/CD115"/Ly6C™" | CD11b"/CD115/Ly6C"
(or Ly6C™e" (or Ly6C™%) 2 (or Ly6C'™™)
: +- =+
Cflle.iillloal;‘i)llle CCR2J}T hC X3CRI+1 ) C(:Rf'd(:X3CR1+ id) C((:(I)?CC(li};l%%li;
12 ow mi mi i
Receptors (or CCR2"#" CX;CR1 (or CCR2™! CX5CR1 CX,CRI"

Traditionally, M® were assumed to be entirely of the M1 phenotype,

characterized a population of pro-inflammatory leukocytes and rightfully so: many

classical monocytes migrate en masse to areas of inflamed tissue, such as the perivascular
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2,181,182 .
72I8LI82 This mass

and vascular regions of the hypertensive, Angll-exposed heart
migration is associated with the production of classical monocyte chemokines including
CCL2, CCL3, and CCL5"™'®_ Importantly, classical monocytes strongly express the
corresponding chemokine receptors, such as CCR2, which favours their selective

184

recruitment to inflamed tissues . In addition, stressed and injured vasculature

upregulates the expression of selectins and adhesion molecules™>"?>"'%12¥ These
selectins and adhesion molecules are common features in inflammation, but it is
important to note that Angll can also increase the binding of monocytes to the

99128 Thys, in the context

endothelium independent of selectins and adhesion molecules
of in vivo Angll signaling, it is difficult to separate the influence of selectins and
adhesion molecules from the direct influence of Angll. Regardless of how monocytes
enter the heart, if M® were assumed to be strictly of a pro-inflammatory type, then why
would they persist during the transition from cardiac inflammation to fibrosis'*?

The question above can be answered with a novel set of M® phenotypes termed
non-classical, alternative, and M2007%102145.147.157.160 ' Phace terms are used to describe a
M® that does not behave conventionally. Instead, alternative M® take on roles in
suppressing inflammation and favouring the healing processes that include

- 52,60,145,157,160,161
fibrosis

. There is still debate on the origin of infiltrating M2 M® in the
myocardium: (i) they are at least in part recruited via the CX3CL1-CX3CR1 chemotactic
axis and (i1) may also transition from M1 M® already present in the tissue, though this

13%18¢ T support of the former, CX3CR1™" mice exhibit impaired

remains to be proven
recruitment of CX3CR1"€" M® in models of skin and kidney fibrosis'®’"*’. This

recruitment appears to be aided through the integrin VLA-4 and VCAM-1"". In addition,
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significant CX3CL1 upregulation is observed in the later stages (>7d) of healing

following myocardial infarction'>*'*?

. This phase of healing in infarcts likely represents a
a somewhat analogous but greater process to that which is observed with Angll infusion
or other hypertensive models of myocardial fibrosis.

Unfortunately, there has still been less research on monocyte migration in non-
1schemic cardiac models than ischemic and infarct cardiac models. However, where non-
ischemic models are lacking, ischemic and infarct models have helped fill the
gaps’>*!'% n an elegant experiment using an infarct model, Nahrendorf et al. mapped
the temporal and chemotactic migration of the 2 monocyte subsets in an infarct model
using a combination of CCR2"" and CX3CR1”" mice'>*. In the first phase of healing (~1d
post infarct), CCR2”" mice exhibited a significant reduction in the number of M1 M® in
the heart, while in CX3CR1"" mice, this population was unaffected. In contrast, CX3CR1"
" mice were unable to accumulate M2 M® during the healing phase, while again, this
population was unaffected in CCR2”" mice. I have stopped short of explicitly stating this
is a by-product of modulated migration because, as the same group demonstrated,

193-196

CX3CRI has roles beyond chemotaxis . For example, another mechanism by which

CX3CRI may stop runaway inflammation in the heart is via the retention of monocytes

in the bone marrow'”*

. In turn, this would discourage further monocyte recruitment to the
myocardium and the consequential inflammation. Nevertheless, this body of research
supports a biphasic mechanism by which M® of different phenotypes and functions
accumulate from monocytes via distinct chemotactic pathways following injury''*>">*1%7,

At this point, I will begin to shift the attention from monocytes to M®; however,

one cannot entirely separate one from the other. M® represent the tissue-bound form of
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the monocyte lineage and as indicated above, monocyte recruitment can directly impact
M® accumulation. Moreover, the current evidence in infarct models suggests that the

cardiac environment influences monocyte subset recruitment, which may, in turn,

154,198

influence which M® activation occurs . Thus, the ability to recruit monocytes with

differing functional predispositions may allow the injured organ to direct its
repair! 34165184,

The biphasic recruitment of monocyte subsets and, in turn, M® subset
accumulation is one of those beautifully organized immune processes that highlights the
crosstalk between the tissue environment and leukocytes'**'**. As hinted at above, each
monocyte and M® subset serves a vital role in mediating cardiac repair”">*'*7. Much of
what we know about monocyte and M® subsets is due to researchers being able to

72,154,165,199,200

selectively deplete monocyte and M® populations . The experimental

techniques for depleting monocytes and M® include (i) administration of cytotoxic
clodronate liposomes and (ii) administration of diphtheria toxin to mice with the
diphtheria toxin receptor under the CD169 or CD11b promoter™’*'>****2% And rather
than simply inhibiting monocyte migration using chemokine receptor knockouts (e.g.

CCR2 and CX3CR1), these methods are able to temporarily deplete monocyte and M®

71,72,154

populations . Moreover, the depletion can be timed according to which stage of

154,165

healing one wants to modulate . Unfortunately, much of the experimentation to date

has again focused on infarct and ischemia models'*'®’

. These models have still proven
useful in delineating the role of M1 versus M2 M® in the healing myocardium. In

addition, in vitro models that aim to replicate tissue environments, which in turn
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influence M® differentiation, have helped support general functional states for the
subsets®** 2",

In general, the tissue environments that favour M1 activation often include factors
such as IFN-y, TNF-a, specific TLR activation (e.g. TLR4) through damage- and/or
pathogen-associated molecular patterns (DAMPs and PAMPs), and GM-CSF'7*!7>180:208,
Indeed, even Angll has been shown to promote M1 M® activation via ATIR, further

209,210

supporting a pro-inflammatory role for the hormone . Many of these signaling

pathways and their downstream effects support an environmental demand to amplify the

pro-inflammatory response™'?'>*2!!

. The pathways most relevant to this thesis include
Angll, DAMP/TLR, IFN-y, and TNF-a signaling, which are upregulated early (i.e. 1d) in
the AnglI-model, as well as during early hypertensive cardiac injury'®.

The M1 subset performs the functions classically associated with M® such as
strong phagocytic activity and promoting inflammation'”>'"’". While there is strong
evidence to suggest that these functions are important in ischemic and infarct models, the

59,72,154 .
%22% In infarcts for

evidence is less clear in hypertensive and Angll-mediated models
example, the loss of cardiomyocytes due to ischemia requires M1 M® to aid in the
phagocytosis of apoptotic cells and to promote the recruitment of other leukocytes such
as neutrophils to phagocytize necrotic cells’'>*. In the absence of M1 M®, dead tissue is
not sufficiently removed to catalyze the next phase of healing: granulation and
remodeling™. Moreover, injured and necrotic cells can produce DAMP, which are
recognized by M® (preferentially the M1 subset)'*?" In turn, M® can further the pro-

inflammatory response by producing a cascade of cytokines and chemokines that include

TNF-o,, IL-1p, CCL2, and IL-8°***%. As such, one can understand why impaired clearing
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of cellular debris and necrotic tissue could dysregulate normal resolution of
inflammation.

AnglI and hypertensive cardiac models also exhibit an early inflammatory
response, but with distinct differences such as a lack of IL-8 signaling and in turn, fewer

47,69,71,72,100
polymorphonuclear cells**""7*

. This can likely be attributed to a relative lack of
apoptotic and necrotic cardiomyocytes, which are not subject to extreme oxygen and
nutrient deprivation during hypertension. In addition, unlike ischemic injury, the early
inflammation that promotes M1 activation in hypertension may be an overreaction to the
injury such that the inflammation does more harm than good. In support of a theory of
inflammatory overreaction, blocking various inflammatory pathways upstream and
downstream of M1 activation significantly reduces myocardial fibrosis in AnglI and
hypertensive models:
(1) Upstream: impaired IFN-y and TLR4 signaling reduced pro-inflammatory
(e.g. iNOS and Mac-2) and remodeling (e.g. aSMA, collagen, TGF-f3)
markers, 101214
(i1) Downstream: impaired TNF-a, IL-1B, CCL2, and IL-6 signaling also
reduces markers of leukocyte recruitment (e.g. [CAM-1 and VCAM-1,
CCL2), inflammation (e.g. iNOS, Mac-2, IFN-y, IL-12, IL-6, TNF-a) and
remodeling (e.g. aSMA, collagen, TGF-p)’*"121,
Placing M® in the center of this process, studies employing non-specific monocyte and
M® depletion (i.e. classical and non-classical monocytes and M1 and M2 M®) have also

shown significant reductions in markers of remodeling (e.g. aSMA, collagen, TGF-

B)’*'>*. Moreover, the fact that none of these non-ischemic studies report adverse events
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in response to impaired inflammation suggests that, unlike M1 M® in infarcts, their pro-
inflammatory role may be largely unnecessary and maladaptive’>'*®. Thus, this body of
research supports the concepts that, in Angll and hypertensive models, (i) inflammation
generally begets more inflammation (e.g. IFN-y = M1 activation = TNF-a), (ii) MO
activation has a key role in promoting this inflammation, and (iii) this, in turn, drives the
subsequent fibrotic response.

Further highlighting their role as orchestrators in cardiac healing, M1 M® also
appear to serve an important role in initiating the subsequent remodeling that is required
in an injured heart. While often conceptualized as distinct phases, the inflammatory
component of myocardial repair influences the remodeling phase through direct and

52,216
O F

indirect interactions between M1 M® and both fibroblasts and myofibroblasts or

example, M®@-produced TNF-a has been shown to activate pathways involved in the

150

upregulation of pro-fibrotic factors including TGF-3 °". Moreover, there are abundant

pro-fibrotic factors, including latent TGF-3 bound to the ECM, which can be liberated
through the production of MMPs by both M® subsets>'’ >'*. As previously mentioned,
these factors go on to promote fibroblast differentiation to myofibroblasts, as well as
stimulating the production of ECM proteins including collagens.

As previously mentioned and most relevant to this thesis is the role of IL-6 in M®

121,153
1 B

and fibroblast communication because of evidence in the Angll mode .Inan

elegant set of experiments, Ma et al. demonstrated that Angll infusion upregulates the

21 In addition, mice deficient in IL-6

production of IL-6 in myocardial myofibroblasts
exhibited significantly fewer M® and less myocardial fibrosis following AnglI infusion.

In order to further investigate this finding, Ma et al. co-cultured M1 M®*" with
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fibroblasts to determine whether this was in part due to an interaction between the cell
types. M1 M® were able to stimulate fibroblasts to produce IL-6, which set off a cascade
of events associated with fibrosis, including:

(1) upregulating M® expression of MMP-1: a key enzyme involved in the

degradation of collagens type I, II and III,

(i1) increased production of TGF-f3 and its signaling via the Smad3 pathway,

(iii))  increased fibroblast expression of aSMA,

(iv)  and increased fibroblast expression of Collagen type 1 (Col-1).
Finally, in the piéce de résistance, these effects were ablated in fibroblasts lacking IL-6
signaling (i.e. IL-67") or in which IL-6 signaling was blocked using anti-IL-6 antibodies.
Thus, while beyond the scope of work presented in this thesis, IL-6 may be a key switch
in the progress from M1-driven inflammation to cardiac remodeling. In summary, the
likely role of M1 M® in early cardiac healing is to promote a sufficient inflammatory
response (e.g. leukocyte recruitment and debris clearance), but with a theoretical aim of
moving toward resolving inflammation and promoting remodeling, as dictated by
environmental changes.

The M2 subset of M® picks up where the M1 subset let off, carrying the anti-
inflammatory and pro-fibrotic response to cardiac injury. As such, the M2 subset
performs functions not typically associated with M®. Importantly, not all M2 M® are
created equally: in vitro and in vivo experiments have demonstrated that the environment

60,145,159-161,174,175,180,197,220-222

shapes the M2 response . In an oversimplification of an

infinite spectrum of activation, the different M2 states have been termed M2a, M2b, M2c,
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and M2d'?>!*>175180223 The conditions that promote their differentiation and their
subsequent cytokine and receptor expression are described below:

(1) IL-4/IL-13 = M2a - Arginasel, FIZZ1, CD206, TGF-$, CD301, IL-10

(i1) Immune complexes + LPS or IL-13 = M2b - iNOS, IL-10, IL-6, TNF-a

(i)  IL-10 + TGF-B or glucocorticoids = M2c¢ - CD206, CD163, Arginasel,

IL-10, TGF-B

(iv)  Adenosine + IL-6 - M2d - VEGF, IL-10, IL-12, TGF-B, TNF-a
Despite M2a, M2b, M2c, and M2d being an oversimplification of M® differentiation,
researchers can still try to form links between the cardiac environment (e.g. IL-10, TGF-
B, IL-4/13) and M® subset characterization (e.g. CD206, CD163, CD301).
Unfortunately, there continues to be little information on which M2 subsets are involved
in cardiac injury and repair. Even studies in infarct and ischemic models largely lack
specific characterization for M2 markers and are limited to CD206 expression’>' %197,
It is known that M2 subsets accumulate in the myocardium during the later stages of
healing (~3-7d post infarct) and that their depletion is associated with abnormal and

insufficient cardiac remodeling®*'**'>*%*

. In addition, M2 cells as characterized by
CD206" and CD301" — M2a-like phenotype — accumulate in the later stages (~3-7d) of
Angll-mediate cardiac injury’>'%. Consistent with this finding, IL-4 and IL-13 —
cytokines upstream of M2a differentiation — are upregulated at the same time point,

100 .
. There are serious

supporting the idea that Angll favours a later M2a-like phenotype
limitations to these experiments though. For example, the researchers only reported the

percentage of live cells expressing M2 markers — not the absolute number of M2 cells.

Moreover, CD206 is also a marker of the M2c phenotype, for which the necessary
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environment to induce their differentiation (i.e. TGF-p3 and IL-10) is likely present in the
Angll model™'®. In further support of a role for an M2c-like phenotype, Angll infusion
in IL-10"" mice is associated with unresolved inflammation and increased MMP
expression®®.

Thus, in the case of M2 M® and their spectrum of activation, much remains
unknown, but we can begin to piece together how these subsets may resolve
inflammation and begin the remodeling process. For example, in contrast to M1 M®, the
M2 subsets are characterized by their increased production of IL-10 and decreased
production of IL-12*"'7 This would theoretically begin to limit a TH1 response in T-
cells that feeds the M1 activation of M®. Angll models have also suggested that IL-10
decreases TNF-a and IL-6 signaling, which would ebb the heart’s inflammatory response

and the paracrine signaling between M1 M® and fibroblasts®*

. In the lead up to
increased IL-10 expression, one can also imagine that the IL-6 signaling between M1 M®
and fibroblasts that encourages the former to produce TGF- could create the conditions
necessary to begin changing M1 M® to M2 M®. In addition, the M2a and M2c subsets
express high levels of Arginasel, which utilizes the substrate L-arginine'*'">'%,
Importantly, L-arginine is also the substrate for iNOS and its depletion can also regulate
T-cell cell-cycle progression®*°. This provides another mechanism by which M2 subsets
can regulate inflammation.

While regulating inflammation is an important step in beginning the remodeling
process, in order for myocardial fibrosis to develop, a shift is required in the ratio of

MMP-dependent ECM degradation to ECM production. There are 2 potential

mechanisms by which M2 M® promote fibrosis: (i) interactions with fibroblasts and (ii)
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the direct production of ECM proteins'*>!#100-16L178179227 'The production of TGF-P by
M2 M is thought to be the most important M®-dependent pathway in promoting
fibrosis'*'*%19%161 " A5 mentioned previously, it is well-established that TGF-B promotes
the differentiation and proliferation of fibroblasts, as well as enhancing their production
of ECM proteins. Indeed, an increase in myocardial TGF-f is observed in tandem with
the accumulation of M2 M® in the AnglI-exposed myocardium™"'%. TGF-p also plays
an important role through inhibiting MMP production and increasing TIMP
production®'?’,

The ability for M2 M® to directly contribute to fibrosis through the production of
ECM proteins is arguably better supported by literature, but introduces a world of
confusion®”'7**** 2% As mentioned above, some M® subsets express the enzyme
Arginase-1, which competes with iNOS for the substrate L-arginine. Through a series of
steps that are beyond the scope of this thesis, these Arginase-1-expressing M2 M® are
able to convert L-arginine into collagen through an L-proline intermediate®'***. The
confusion arose — and persists — as a result of M® expressing collagen and smooth
muscle cell actin: markers thought to only be expressed by mesenchymal lineage cells®>
37 Researchers even went so far as to call these a new cell type: fibrocytes™®. Fibrocytes
are/were cells that express markers of hematopoietic and mesenchymal lineages*”"".
Perhaps they migrated to tissues in a way that resembled progenitor cells, but the
evidence was lacking. Rather, there was more evidence to suggest that they migrated like

monocytes. In addition, fibrocytes expressed many of the same markers as monocytes

and M®, including CD68, CD14, and CD16'”.
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As the depth of M2 activation developed, the lines between M2 M® and
fibrocytes blurred. I came to this realization while sitting in a lecture at a transplantation
conference in Quebec City. As you read on in this thesis, you will find that our laboratory
— myself included — studied the elusive fibrocyte. During the talk at the conference, the
presenter brought up numerous markers that we had used to characterize fibrocytes, but
he was discussing M2 M®. It was a moment of research enlightenment. All of a sudden,
there was not just new literature to read, but more literature as well. After all, M® were a
much larger and older topic than fibrocytes.

Some researchers have held on to the concept of fibrocytes, suggesting they are a

. . . 178
unique monocyte-derived lineage'’

. My faith waned; I found more coincidences between
M2 M® and fibrocytes. For example, Serum Amyloid P (SAP) has been suggested to
inhibit fibrocyte differentiation, but change ‘fibrocyte’ for ‘M2 M®’ and it appears to do

the same for the latter®> %!

. This could be attributed to the fact that “both” cell types
express the receptors for SAP, FcyRs™"". The binding of SAP to M®, however,
encourages the production of IL-10 to dampen inflammation in a process that is eerily

239,242

similar to M2b activation . In addition, PPARY activation has been implicated in the

IL-4/IL-13-dependent activation of M2 M®, as well as the differentiation of

243-245
fibrocytes

. Perhaps most disconcerting was how research groups bastardized flow
cytometry to demonstrate the presence of fibrocytes: antibodies against type-1 collagen
that were never meant for flow cytometry often showed bizarre results such as all
leukocytes expressing collagen”. I do not think it was done intentionally, but it was

definitely systemic in groups trying to study fibrocytes. For example, we received one

fibrocyte flow cytometry protocol that suggested using multiple tubes for the positive
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label and isotype and using the “best one”. I am not arguing against the existence of a
monocyte or M@ lineage that expresses collagen or aSMA. The fact that they express
these markers supports that they may have a role in cardiac remodeling. Alas, fibrocytes
are likely just another point along the M2 M® activation spectrum. It is still unknown
whether ECM-producing M2 M® are key contributors to fibrosis. Moreover, the collagen
observed within M® may be a consequence of other roles in fibrogenesis including
phagocytizing ECM proteins>*.

While largely deductive or loosely supported by in vitro modeling, together, these
observations suggest that M2 M® likely play an important role in creating an
environment conducive to fibrosis. Moreover, the cumulative effect of these processes
shift the scales from increased ECM degradation to increased ECM deposition, thus

precipitating scar formation.

1.1.5.3 Revelation 2 —rCM¢

Around the time I switched my research focus from fibrocytes to M®, I was in the
process of submitting a manuscript. The manuscript, as you will read later on, described
the effects of monocyte depletion on Angll-mediated myocardial fibrosis’>. And then we
got a question back from a reviewer: what about rCM®?

A few years ago and to the surprise of many, the heart was found to have a

157,247-249

significant resident M® population that originated prenatally . The embryonic

cardiac M® tended to exhibit cardioprotective effects, including mediating tissue

159

regeneration — a process once thought to be impossible °”. Overtime, it was shown that

this resident population of M® can also exist on a spectrum of activation phenotypes®*’~
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¥ Fortunately for me writing this section and you reading it, the same rules that applied

in Revelation 1 for M® activation also apply to rCM® and do not need repeating. As
such, this section will focus on the point that is most relevant to this thesis: (i) the
turnover of resident M® and how this may influence their phenotype and function.
Importantly, since this is a relatively novel area of research (i.e. only discovered as of
2012), there is still much debate in the literature on the characterization of populations

. . . 250
and their rates of proliferation and turnover**’

. However, researchers are becoming
increasingly aware that the time scales used in experiments can drastically change the
context of an observation (e.g. if the yolk-sac derived cardiac resident M® naturally
declines from ~15% at birth to just 3.2% at 42wk post-natal, then observations about
rCM® are explicitly time-dependent)®’.

As mentioned above, rCM® develop during the embryonic stages of development
and primarily exhibit an M2 phenotype, as supported by surface markers and
transcription profile'>***>°*_ At birth, rCM® are almost entirely characterized as F4/80"
CX3CR1"MHC II' CCR2*". During development, additional populations begin to
appear in the myocardium, which are described below with their percent composition of
the whole:

Table 1.2 - Summary of changes in mouse rCM® composition with age starting at
neonatal

% of Total RCM®

Phenotype owk lwk | 3wk | 8wk | 18wk | 30wk

Pop. 1 | F4/80+ CX3CR1+ MHCII- | 95.7 91.6 | 65.7 | 29 21.8 23.9

Pop. 2 | F4/80+ CX3CR1-MHCII- | 2.89 548 | 4.02 | 183 | 285 28.2

Pop. 3 | F4/80+ CX3CR1+ MHC II+ | 1.01 245 | 285 | 47 34.8 333

Pop. 4 | F4/80+ CX3CR1- MHC II+ | 0.408 | 0367 | 1.9 | 5.79 | 149 14.4

Adapted from Molawi et. al, 2014 >
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The current understanding is that the founder population (Pop. 1) is able to

248,250
|

replenish the CX3CR1" (Pop. 1 and 3) populations during steady state conditions n

contrast, the CX3CR1" populations are largely replenished from circulating CCR2"

high . 248,250
Ly6C™*" classical monocytes™

. In addition, the expression of MHC II appears to
serve as a marker of maturation for tCM® independent of their etiology””". This is further
supported by the finding that Pop. 1 (i.e. founder) and Pop. 2 exhibit higher levels of
proliferation than either Pops. 3 or 4***, Indeed, the cell turnover in steady state is
sufficiently slow that it requires mice to be studied over the course of weeks to identify

. 248-250
differences

. It may also be the case that Pops. 1 and 3 can be replenished from
circulating CX3CR1" Ly6C"*" non-classical monocytes; however, this has yet to be
proven. In support of such a theory, sophisticated studies using labeled yolk-sac-derived
(E9) M® have demonstrated that proliferation of the founder population alone is
insufficient to maintain the >20% of rCM® expressing its phenotype®. Moreover, the
protective founder population is continually lost with age due to normal cell turnover,

199230 Relevant to this thesis,

suggesting that its protective function is also lost with age
clodronate liposomes are able to partially deplete rCM® populations'>***. All
populations exhibited some proliferative capacity, which, together with an unknown
contribution from circulation, was able to return populations to pre-depletion levels by
17d**®. As such, one can also imagine that processes that accelerate M® turnover, such as
tissue injury, could exacerbate the loss of this population. Indeed, during conditions of
stress such as hypertension, all rCM® populations can be replenished from a combination

of CCR2" classical monocytes derived from circulation and local proliferation®****-*! In
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support of local proliferation, CCR2”" mice still demonstrated expansion of Pop. 1**. In
contrast, Pops. 3 and 4 showed the greatest contribution from CCR2" monocytes***. The
exact contribution of recruitment versus proliferation remains unclear though. Together,
these processes of M® turnover could lead to fundamental differences in the overall
cardiac resident M® phenotype and in turn, their functions.

As for the specific functions of the rCM® populations, much remains unknown.
Thus far, researchers have been able to show that, in general, CCR2" rCM® exhibit a
shift toward pro-inflammatory functions, while CCR2" rCM® exhibit a shift toward anti-

137248251 I support, Lavine et al. demonstrated that the

inflammatory functions
protective functions of embryonic cardiac resident M® are associated with a protective
M2 phenotype characterized as lacking CCR2***, These CCR2™ rCM® were able to
encourage neonatal cardiomyocyte proliferation and angiogenesis. In contrast, CCR2"
cells were associated with a pro-inflammatory phenotype including the upregulation of

8 Indeed, the CCR2" M® were required for the typical increase in

inflammasome genes
IL-1B observed during AnglI infusion. The CCR2" cardiac M® also promoted
cardiomyocyte hypertrophy and fibrosis and were unable to promote cardiomyocyte

139299 In another paper by the same group, Epelman et. al

proliferation or angiogenesis
demonstrated that — not surprisingly — the MHC II' rCM® exhibit a greater ability for
antigen presentation®*®. Thus, while the literature on the roles of the individual cardiac

resident M® populations is broad, the balance of these populations — for better or worse —

is likely imperative to the myocardium’s ability to heal.
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1.2 Summary of Introduction

In this introduction, I have attempted to set the stage for the manuscripts in this
thesis. I have described the personal and global burden of heart failure and the link to
hypertension. In addition, I have tried to reduce these clinical syndromes and conditions
to some of their underlying causes (e.g. myocardial fibrosis) and the cells responsible
(e.g. fibroblasts and M®). Importantly, this introduction was written in hindsight —
knowing what I know now, my hypotheses and, in turn, my manuscripts would be vastly
different. As you continue reading through the manuscripts that comprise this thesis, I
believe the information outlined in the introduction provides the context for my
hypotheses, observations, and conclusions. Again, taking a step back and examining my
work as a whole rather than individual pieces, the overarching theme I have tried to

reinforce is as follows:

When I began my degree, myocardial fibrosis was largely believed to be a single-cell
type process, driven by ECM-producing fibrocytes. Over time, as the concept of a
fibrocyte dissolved, M® emerged as a key effector cell in both myocardial injury and
fibrosis through their interactions with fibroblasts. As my degree comes to an end, M®

have taken an eminent role in the heart and fibrocytes have faded into oblivion.
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CHAPTER 2 HYPOTHESES, RATIONALES, AND OBJECTIVES

2.1 Study 1: Fibrocyte migration/progenitor cell mobilization in the AnglI-

infusion model of myocardial fibrosis

Rationale: There was growing evidence for the involvement of a cell type expressing
mesenchymal and hematopoietic markers (i.e. fibrocyte) in models of fibrotic
disease®™*******, Specifically, we as well as others had demonstrated an early (~3d)
abundance of fibrocytes in the myocardia of animals receiving exogenous AngII*"***, At
the time, many researchers believed fibrocytes were either a type of progenitor cell or
derived from a monocyte pre-cursor that emigrated from the bone marrow to populate

- 47,155,255,256
organs and promote fibrosis*”'>>*>>

. Fibrocytes had been shown to express chemokine
receptors CXCR4 and CCR2, which correspond to the chemokines CXCL12 and CCL2,
respectively”>*>*>°* CXCL12 had been shown to be an important chemokine for the
recruitment of other progenitor populations to the heart, while CCL2 was a well-

259,260
2. Moreover, we had also observed

established chemokine for classical monocytes
early increases in CXCL12 and CCL2 myocardial transcript during AngII infusion®’.

It followed that if (i) fibrocytes were contributing to myocardial fibrosis and they
migrated similar to (ii) progenitor cells or (iii) classical monocytes, then blocking or

inhibiting the CXCL12 and/or CCL2 chemotactic pathways would prevent fibrocytes

accumulating in the Angll-exposed heart and in turn, reduce myocardial fibrosis.

Objectives: Determine the ability to block the fibrocyte recruitment to the Angll-exposed

myocardium using a CXCR4 antagonist and CCR2” mice. Determine how manipulating
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these chemotactic pathways in the Angll-infusion model impacts leukocyte recruitment

and myocardial fibrosis.

2.2 Study 2: Monocyte/M® depletion and an alternative chemotactic pathway in

the Angll-infusion model of myocardial fibrosis

Rationale: Fibrocyte research had begun heading in a different direction — fibrocytes were
now primarily considered to be monocyte-derived and thus, believed to behave more like
monocytes’ . Others had demonstrated that clodronate liposomes could deplete
monocytes and some had even proposed the fibrocytes could be targeted with the same

h?%%2°1:22 Tn turn, we hypothesized that the accumulation of fibrocytes or their

approac
monocyte-precursors could be prevented by depleting circulating monocytes.

In addition, monocytes/M® were no longer viewed as a single cell type, but rather
a spectrum of phenotypes exhibiting pro-fibrotic functions®®. There was reason to
believe that fibrocytes may be (i) derived from non-classical monocytes and/or (ii) be a
subtype of M2 M®. In turn, we focused on the non-classical monocytes chemotactic
pathway CX3CL1-CX3CRI as a potential means for fibrocyte migration'>*,

Lastly, this manuscript was submitted at a time when Pinto et al. discovered a

17" As such, as an afterthought, we had to consider a

resident M® population in the heart
potential role for rCM® in our observations, particularly with regard to observations in

the CX3CR1”" mice.
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Objectives: Determine the effects of (i) monocyte depletion using clodronate liposomes
and (ii) impaired non-classical monocyte recruitment using CX3CR1™ mice on the
accumulation of fibrocytes in the Angll-exposed myocardium. In turn, we also aimed to
evaluate how these depletion strategies (e.g. liposomes and chemokine receptor

knockouts) influence Angll-mediated myocardial fibrosis.

2.3 Study 3: Characterize baseline rCM® phenotypes between WT and CCR2-/-

mice

Rationale: In our previous manuscript, we observed that CX3CR 17 mice exhibit a
potentially pro-inflammatory shift in the overall rtCM® phenotype’>. This pro-
inflammatory shift was associated with worsened inflammation and fibrosis in the
context of Angll infusion. Importantly, for monocytes, the complementary chemotactic
pathway to CX3CL1-CX3CRI is CCL2-CCR2.

In the first manuscript presented in this thesis, we demonstrated that CCR2"" mice
are partially protected from AnglI-mediated myocardial inflammation and fibrosis’'. In
addition, there was growing evidence for the importance of the rCM® population in the
ability to influence cardiac healing'****. Specifically, the embryonic and yolk sac-
derived rCM® conferred the ability to promote cardiac regeneration; however, this
population is also replaced over time with monocyte-derived M® recruited via
CCR2"**°_ As such, the heart loses its ability to promote regeneration with age. Thus,

our hypothesis was that (i) if CX3CR1 is complementary to CCR2 and (ii) CX3CR1™"
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mice exhibit a pro-inflammatory rCM® phenotypic shift, then (iii) CCR2”" mice may

exhibit an anti-inflammatory rCM® phenotypic shift.
Objectives: Investigate and compare the phenotypes of rCM® in CCR2”" mice relative to

WT mice. Using literature as a guide, analyze the findings in the context of (i) genotype

and (ii) age-dependent rCM® turnover.
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CHAPTER 3 METHODS

3.1 Animals

Animal experiments were performed 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; wildtype: WT) were purchased from Jackson
Laboratory (Bar Harbour, ME, USA), male CCR2" mice (8-10wk old) on a C57BL/6
background were provided by Dr. Thomas Issekutz from a routinely genotyped colony,
and male CX3CR17" mice (8-10wk old) on a C57BL/6 background were acquired through
an material transfer agreement with Taconic®®*. The absence of CCR2 and CX3CR1 were
verified using conventional PCR, as previously described’'. Mice were housed in the
Carleton Animal Care Facility at Dalhousie University and provided food and water ad

libitum for 1wk prior to beginning experimentation.

3.2 Saline/Angll/AMD3100 Infusion

Osmotic mini-pumps (Alzet, Palo Alto, CA, USA) were implanted as previously
described*’**'>. Animals were randomly assigned treatments of vehicle (saline), AngII
(2.1/2.8 mg/kg/d; Sigma Aldrich, Oakville, ON, Canada), AMD3100 (11.4mg/kg/d;
Tocris Bioscience, Ellisville, MO, USA), or Angll + AMD3100. AMD3100 dosing was
based on previous work by others that demonstrated reduced fibrocyte recruitment to the
lungs®®. Osmotic mini pumps were used to avoid reduced trough levels, since the plasma
half-life of AMD3100 is approximately 3.6hrs**°. The pumps remained in for 6hr, 12hr,
1d, 3d or 28d, during which, the animals were observed for morbidity. In time

comparison groups (i.e. 3d vs. 28d), a lower dose of AnglI (2.1 mg/kg/d) was infused in
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order to dose-match previous studies and reduce risk of mortality”. 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. At the time of harvest, hearts were extracted, flushed with saline, and

weighed.

3.3 Liposomes

Liposomes were generated as previously described, with modification ***. In brief,
egg phosphotidylcholine and cholesterol (82.4:15.6% mol/L ratio, respectively) in
chloroform were added to sterile pear-shaped flasks, mixed well, and placed under rotary
evaporation until excess chloroform was removed to dryness and a uniform film
developed. Lipid-soluble fluorescent DiO was added for liposome binding and uptake
studies. The film was subsequently hydrated with either clodronate (300mg/mL; Sigma
Aldrich) or saline and placed on a shaker for 2hrs. Following the shaker, liposomes were
left to swell overnight at RT. Liposomes were then sonicated (4min at 55Hz) and washed
of free clodronate by centrifuging 4-5 times at 24000 x g for Smin at 10°C. Prior to
injection, liposomes were passed through a 3.0um pore filter (Millipore). The final
concentration of lipid in the liposomes was 33.07mM. Liposomes were injected in 100uL
doses via tail vein every 24hrs beginning at -1d before Angll infusion in order to deplete

monocytes before introducing myocardial injury.
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3.4 Blood Pressure
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.

3.5 Echocardiography (ECHO)

Prior to ECHO, mice were anesthetized and the fur removed using Nair hair
removal cream. Images and recordings were acquired on a G.E. Vivid 7 Ultrasound.
Short-axis M-mode measurements for left ventricular posterior wall (LVPW) and

intraventricular septal wall (IVSW) thickness were performed in Adobe Photoshop CS6.

3.6 Tissue Harvest
At the time of harvest, animals were weighed and hearts were extracted, flushed
with saline, and weighed. Experimental hearts were harvested and weighed. Cardiac mass
index was calculated by dividing the heart weight by the change in body weight, as

previously described. Subsequent processing dependent on the fate of the tissue:

3.6.1 Heart
(1) Paraffin histology and mRNA: the base portion of the heart was processed for
histology and the rest of the heart was vertically bisected and snap frozen for
molecular analysis. Hearts were processed in 10% buffered formalin for 24hr and
paraffin-embedded. Serial-sections (S5um) were stained for histological and

immunohistological analysis. Due to overlapping experimental groups previously
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published, some historical samples from Angll and saline infused animals were

used for this study to compare to new experimental groups*”®®.

(i1) Frozen histology: 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 10pm sections were
cut on a cryostat.

(ii1)Cell isolation: in brief, hearts were mechanically and enzymatically digested in a
collagenase solution (1 mg/mL collagenase II; Cedarlane Laboratories, Ltd.,
Burlington, ON, Canada) in Gibco DMEM (Life Technologies Corp., Burlington,
ON, Canada) at 37°C, with agitation for 30 minutes. Cell isolates were washed in
complete DMEM containing 10% heat inactivated fetal bovine serum, 2 mmol/L
L-glutamine, 100 mg/mL streptomycin, and 100 U/mL penicillin.

a. Fibrocyte enrichment: isolated cells were plated in T25 flasks coated with
0.1% gelatin, incubated for 3 days at 37°C and 5% CO2, at which point all
non-adherent cellular debris was removed and medium was replenished.
These cells were subsequently used in proliferation assays, flow
cytometry, and immunofluorescence.

b. Cell isolation for M® studies: following washes to remove collagenase,
cell isolates were further purified over a Percoll gradient (30% and 70%).
The cells at the interface were collected for subsequent characterization, as

. . 2,15
previously described’>"”’.

3.6.2 Blood
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For AMD3100 mobilization studies and in vitro fibrocyte characterization, mice
receiving saline or AMD3100 were sacrificed 6hrs into infusion and approximately ImL
of blood was collected followed by ammonium chloride potassium (ACK) lysis. Isolated
leukocytes were counted per volume of blood on a haemocytometer and some were
characterized for CD133 expression, as described below in the Flow Cytometry methods.
The remaining leukocytes from saline infused animals were resuspended in complete
RPMI (10% heat-inactivated fetal bovine serum, 2mM L-glutamate, 100 pg/ml
streptomycin, and 100 U/mL penicillin). Isolated leukocytes were plated at 1.5x10° cells
per mL on gelatin-coated in either 6-well plates (ImL/well) or in T25 flasks (SmL/flask)
with complete RPMI for 3d. At 3d, non-adherent cells were removed by gently washing
the wells or flasks twice with serum-free RPMI. Adherent cells were then further
processed for characterization by immunofluorescence.

For flow cytometry characterization of 3d fibrocyte cultures, cells were lifted
from culture using 0.25% trypsin (Life Technologies, Burlington, ON, Canada).
Detachment was monitored under a microscope and stopped using complete RPMI. Cells

were subsequently used for flow cytometry, as described below.

3.6.3 Bone Marrow

Bone marrow cell isolation: in brief, animals were anaesthetized then sacrificed and
the femurs and tibias were isolated. Cells were flushed from the marrow using a 30G
needle attached to a syringe containing DMEM (Dulbecco’s Modified Eagle Media)

complete (DMEM-C: DMEM, L-glutamine, Pen Strep, 10% FBS).
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3.7 Blood Smears and Leukocyte quantification

At 3d, mice were sacrificed and blood was collected for smears. Smears were
stained with Giemsa (GS500, Sigma Aldrich) for nuclear morphology and leukocyte
populations were counted by a blind-observer. A total of 350 cells were characterized per

slide.

3.8 Flow Cytometry

Isolated leukocytes and cultured fibrocytes were washed twice in FACS buffer
(DPBS, 1% BSA, 0.1% NaN3) and counted using trypan blue exclusion. For studies
labeling intracellular antigens, cells were permeabilized with Cytofix/Cytoperm (BD,
Mississauga, ON, Canada) as per manufacturer’s instruction. If cells were just labeled for
surface antigens, then no permeabilization was performed. All cells were F, blocked
(Miltenyi Biotec, Auburn, CA, USA or Biologend, San Diego, CA, USA) as per

manufacturer’s instruction. The following antibodies were used in studies:

(1) aCD133 (FITC; Millipore, Billerica, MA, USA)

(i1) aCCR2 (PE or FITC; R&D Systems, Minneapolis, MN, USA)

(ii1))  aVimentin (PerCP; Santa Cruz Biotechnology, Santa Cruz, CA, USA;
Vimentin was used as the mesenchymal marker due to availability of the
antibody being conjugated and tested for flow cytometry.

(iv)  aCXCR4 (APC; R&D).

v) aCD11b-APC (eBioscience, San Diego, California, US)

(vi)  aLy6C-PE (Biolegend).
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(vii)  oTNF-PE (Biolegend)
(viii) oIL-10-PE (Biolegend)
(ix)  aF4/80-PerCP-Cy5.5 (Biolegend, San Diego, California, USA

(x) aCX3CR1-PerCP-Cy5.5 (Biolegend)

Following incubation, cells were twice washed with FACS buffer and fixed with
1% formalin/FACS buffer. Single label controls were used for compensation and isotype
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Data was acquired using a
BD FacsCalibur and analyzed using WinList (Verity Software, Topsham, ME, USA) or
FlowJo (FlowJo, LLC, Ashland, OR, USA). M® gating was performed by gating on cells
using forward (FSC) and side scatter (SSC), which was then applied to a CD11b x F4/80
dot plot. The F4/80" events were gated and applied to a CD11b x Ly6C dot plot for the
characterization Ly6C mean fluorescent index (MFI) of mature and immature M®
populations in the myocardium. When F4/80 labeling was not performed, CD11b x SSC
was used to distinguish polymorphonuclear cells (SSC"#") and monocyte-derived cells

(S SclOW-I‘l‘lld) .

3.9 Histological Analysis
3.9.1 Staining and Analyzing Paraffin Sections

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 with modification*’. In brief, fibrotic deposition was

examined using heart sections stained with Sirius Red (SR) and the counter stain Fast
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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 the total heart pixels. 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 KI-67 (DakoCytomation, Mississauga, ON, Canada)
was performed on paraffin-embedded sections, which required antigen retrieval and
blocking for endogenous peroxidase (3% H,0,), biotin (DAKO Biotin Blocking System,
DakoCytomation), and non-specific secondary antibody binding (normal serum from the
secondary antibody host). Sections were incubated with primary antibody overnight at
4°C, followed by a biotin-conjugated secondary antibody. Secondary antibody was
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 KI-67" cells over the total
number of infiltrating cells in 5 fields of view at 40x in representative myocardial

sections.

3.9.2 Staining Frozen Sections
Immunofluorescence and immunohistochemistry was performed on both frozen
heart sections and fixed co-cultures for CD11b (AbD Serotec, Raleigh, NC, USA), CD45

(BD Biosciences, San Jose, CA, USA), collagen type-I (Rockland, Gilbertsville, PA),
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F4/80 (Abcam, Cambridge, MA), a-smooth muscle cell actin (aSMA; Sigma Aldrich),
CD206 (AbD Serotec), CX3CR1 (Abcam), and CD107b (AbD Serotec)™ ™, In brief,
sections were permeabilized with 0.1% Triton-X-100/PBS, blocked with 5% BSA/PBS,
and then incubated with primary antibodies overnight at 4°C. Sections were then
incubated with AlexaFluor488, AlexaFluor555, AlexaFluor647, or biotin-conjugated
secondary antibodies. Biotin-conjugated antibodies were linked to avidin and developed
with DAB. In fluorescence, nuclei were stained with Hoechst. Slides were visualized

using a Zeiss Axiovert 200M and photographed with a Hamamatsu Orca R2 Camera.

3.9.3  Staining in vitro cultured cells

Enriched fibrocyte cultures were used to evaluate fibrocyte phenotype and the
expression of CXCR4 and CCR2. Following the removal of non-adherent cells at 3d,
fibrocytes were fixed with 4% paraformaldehyde and subsequently washed with PBS
before conducting immunofluorescence. In brief, non-specific binding of secondary
antibodies was blocked with secondary host serum. Following blocking, fibrocytes were
incubated with primary antibodies against CD133 (AbCam, Cambridge, MA), collagen-1
(Col-1; Rockland, Gilbertsville, PA), and either CXCR4 (AbCam) or CCR2 (AbCam).
Fibrocytes were then incubated with Cy2-, Cy3-, or Cy5-conjugated secondary
antibodies. Hoechst was used to label nuclei. Slides were visualized using a Zeiss

Axioplan II and photographed with an AxioCam HRC Colour Camera.
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3.10 Co-culture
The M®-fibroblast co-culture was conducted as previously described with

. . 72121216
modification’>"?"

. Bone marrow-derived M® (BMDM®) were generated as previously
described”®’. Following the isolation, washing and straining of bone marrow, cells were

resuspended in DMEM complete with 15% 1929 conditioned medium and plated in T75

flasks.

3.10.1 Co-culture 1 — M®-fibroblast co-culture

Media was replaced on day 5. On day 7, the BMDM¢ were lifted using 0.25%
trypsin, washed with DMEM-C, counted, and re-plated in 12-well plates at a density of
2x10°/well. Additional M® were screened for CD11b and Ly6C expression using flow
cytometry as described below. NIH/3T3 (ATCC, Manassas, VA) served as fibroblasts in
mono- and co-cultures. NIH/3T3 were maintained in DMEM-C until lifted using 0.25%
trypsin, washed with DMEM-C, counted, and re-plated at 2x10°/well. Mono- and co-
cultures were allowed to sit down overnight in DMEM-C before being serum-starved for
24hrs. The next day, the media was replaced with DMEM-C and cells were incubated for
48hrs. At 48hrs, the supernatant was removed and the cells were washed with PBS then

fixed in 4% PFA.

3.10.2 Co-culture 2 — differentiated M®-fibroblast co-culture
Media was replaced on day 3. On day 7, media was changed to (1) DMEM-C for

control, (2) DMEM-C + 100ng/mL LPS + 10ng/mL IFN-y for M1 differentiation, or (2)
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DMEM-C + 10ng/mL IL-4 for M2 differentiation. On day 9, M® populations were lifted
using 0.25% trypsin, washed with DMEM-C, counted, and re-plated in 12-well plates at a
density of 2x10°/well. Samples of M® populations were screened for F4/80, CD11b,
Ly6C, CD206, TNF-q, and IL-10 expression using flow cytometry as described below.
NIH/3T3 (ATCC, Manassas, VA) served as fibroblasts in mono- and co-cultures.
NIH/3T3 were maintained in DMEM-C until lifted using 0.25% trypsin, washed with
DMEM-C, counted, and re-plated at 2x10°/well. Mono- and co-cultures were incubated
for 72hrs, at which point, the supernatant was removed and the cells were washed with
PBS then fixed in 4% PFA.

The cells were immunofluorescently labeled as described above and wells were
read for fluorescence using a Tecan infinite M200 Pro (Tecan, Madnnedorf, Germany)
plate reader. aSMA expression was standardized to Hoechst fluorescence intensity for
co-cultures and fibroblast monocultures. The co-culture expression was then calculated
relative to fibroblast monoculture expression. Immunofluorescence and flow cytometry

were used to quantify cell-purity.

3.11 Proliferation Assay
ECM-producing cells isolated from 3d Angll hearts were used to assess

. C . -1 147,68,155
proliferation in vitro, as previously described*”*®

. Following 3d in culture, cells were
lifted from T25 flasks with 0.25% trypsin-EDTA and re-plated in black-walled, clear-
bottomed 96-well plates at a concentration of 10* cell/well. All treatments were carried

out in triplicates. Cells were allowed to adhere overnight in complete RPMI and then

serum-starved (RPMI 1640 supplemented with 1% BSA, 2 mmol/L L-glutamine, 100
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mg/mL streptomycin, and 100 U/mL penicillin). The media was replaced with mouse
CCL2 (Biolegend, San Diego, CA, USA), mouse CCL12 (R&D Systems), complete
RPMLI, or serum-free RPMI, as described above. Complete RPMI served as the positive
control. Cells were cultured at 37°C in 5% CO, for 48hrs, after which CellTiter-Blue
(Promega, Madison, WI, USA) viability solution was added to each well, mixed, and
incubated for 2hrs. After 2hrs, the plate was excited at 579nm and absorbance was
acquired at 584nm on a Tecan infinite M200 Pro (Tecan, Ménnedorf, Germany) plate
reader. Proliferation was measured as change in fluorescence relative to serum-free

conditions.

3.12 Genotyping

Post-sacrifice, ears were isolated from CCR2”", CX3CR17", and WT mice and
snap-frozen in liquid nitrogen for later genotyping. Genotyping was performed by
technicians Maria Vaci and Terry LeVatte using the Kapa Mouse Genotyping Kit (Kapa
Biosystems, Wilmington, Massachusetts) according to the manufacturer’s instructions.

(i) CCR2 (forward: CTTGGGTGGAGAGGCTATTC,; reverse:
AGGTGAGATGACAGGAGATC)

(ii) CX3CR1 (WT allele: forward: GGCCTGTTATTTGGGCGACAT;
reverse: TGGGGTGACGCCACTAAGAT; KO allele: forward:
GACCGCTTCCTCGTGCTTTA; reverse:
TGGGGTGACGCCACTAAGAT)

3.13 qPCR
RNA isolation, cDNA generation, and quantitative polymerase chain reaction

47,71,155
d

(qPCR) were performed as previously describe . Primers were designed against

mRNA sequences of the following:
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(1) CX;CLI1 (forward: GCAACCCCACCCCTTATCAA; reverse:
CTTGCCAGCCCTCAGAATCA),

(i1) TGF-B (forward: CTCTTGAGTCCCTCGCATCC; reverse:
GGTCTCCCAAGGAAAGGTAGQG),

(iii))  CTGF (forward: TAGAGCAGGTCTGTCTGCAAG:; reverse:
TCAACCTCAGACACTGGTTTC),

(iv)  IL-1B (forward: TCCTCGGCCAAGACAGGTCGCT; reverse:
CCCCCACACGTTGACAGCTAGGT);

(v) Collagen type 1, Al subunit (CollAl) (forward:
CAACAGTCGCTTCACCTACAGOC, reverse:
GTGGAGGGAGTTTACACGAAGC;

(vi)  TNFa (forward: TCTCATGCACCACCATCAAGGACT, reverse:
ACCACTCTCCCTTTGCAGAACTCA

(vii) CCL12 (forward: GAGAGACACTGGTTCCTGACT; reverse:
CGCATCTGGTCCAGCCAATA)

Expression was normalized to the 18S (forward: TCAACTTTCGATGGTAGTCGCCGT;

reverse: TCCTTGGATGTGGTAGCCGTTTCT) ribosomal gene using the Pfaffl method.

3.14 Statistics
Results are expressed as mean + SEM. Multiple group comparisons were

performed by one-way analysis of variance (ANOVA) followed by Bonferroni post-test
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for comparing means. One-sample t-tests were used for relative comparisons between

experimental groups and standardized controls.
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CHAPTER 4 EARLY FIBROCYTE MIGRATION TO THE
ANGII-EXPOSED MYOCARDIUM IS NOT CXCL12 OR CCL2

DEPENDENT AS PREVIOUSLY THOUGHT
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4.1 Introduction
The development of scar tissue in the heart, termed myocardial fibrosis, is a

common pathological feature seen with many CVDs. Myocardial fibrosis is characterized
by excess deposition of ECM proteins, which lack the contractile ability of
cardiomyocytes and enhance stiffness. Thus, myocardial fibrosis is detrimental to both
systolic heart function by affecting the strength of contraction and diastolic function by
affecting myocardial relaxation, cumulatively contributing to the development of heart
Failure0-268.269.

Recently, we and others have identified a population of circulating progenitor
cells, termed fibrocytes, which are believed to be important contributors to myocardial

- 47,68,270
fibrosis*"%%27

. Fibrocytes are mononuclear cells that co-express hematopoietic (CD45,
CD34, CD133) and mesenchymal (vimentin, aSMA, collagen-1) markers'””. They have
been shown to originate in the bone marrow, migrate to the myocardium, differentiate
into myofibroblasts, and produce ECM proteins, directly contributing to myocardial
fibrosis and eventually heart failure*”%****"!. As such, fibrocytes have been suggested to
be a novel therapeutic target for reducing the development of pathological
fibrogigt®93:256.265
While targeting fibrocytes in models of fibrosis has been explored, there remains
significant controversy as to the major chemokine used by these cells to migrate,

specifically to the myocardium®-??227-270-272273

. The evidence to date would suggest that
both the CXCL12-CXCR4 and CCL2-CCR2 axes could be involved in the development

of myocardial fibrosis, but the exact mechanism by which this occurs remains

unclear’>**7*27® Myocardial CXCL12 and CCL2 expression has been shown to be
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upregulated in response to a variety of cardiac insults, supporting a role for both of these
chemokines in regulating myocardial fibrosis*°. CXCR4 antagonists have been used in
models of pulmonary fibrosis and shown to inhibit fibrocyte recruitment and decrease
fibrosis, suggesting that CXCL12 may be the key chemokine involved in fibrocyte
recruitment, but this has yet to be shown in myocardial tissue**”**®. Alternatively,
myocardial fibrosis in CCL2”" animals appears to be reduced with less cellular
infiltration, suggesting that CCL2 is responsible for fibrocyte recruitment, but none of the
work looked at early (within 3d) fibrocyte infiltration, which our laboratory has shown to
be a key time point for fibrocyte migration in AnglI-infused animals***",

Taken together, there is evidence to suggest that CXCL12 and/or CCL2 play
some role in fibrocyte recruitment, but this role has yet to be clarified with regards to
early myocardial infiltration by fibrocytes. Our aim was to evaluate the potential blocking
of fibrocyte migration using the CXCR4 antagonist AMD3100 in combination with

CCR2™" mice, thus examining the dual inhibition of these two chemotactic pathways in

the early development of myocardial fibrosis.

4.2 Results

4.2.1  Angll Exposure Increases Myocardial Transcription of CXCLI2 and CCL2
Previous work in our laboratory using a well-established model of hypertension
and hypertrophy with Angll infusion has demonstrated that fibrocyte infiltration to the

68,270 -
#768270 Furthermore, using

myocardium precedes the development of myocardial fibrosis
this model we have previously established that infiltration starts by 1d and peaks at 3d of

Angll infusion, thus making it an important time-point to evaluate fibrocyte migration.
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Fibrocyte infiltration has been suggested to be in response to CXCL12 and/or

CCL2, particularly to the myocardium®’-*%-%2227:236.263

. We used qPCR to detect changes in
CXCL12 and CCL2 transcript in the myocardium after Angll infusion. By 1d of Angll
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
corresponded to the increased fibrocyte infiltration seen at 1d, as previously described*’.
CCL2 transcript was also increased in the myocardium as early as 6hr of AnglI infusion
(7.83 £1.70 fold greater than control) (Fig. 4.1B). Increased CCL2 transcription was
maintained until 12hr of Angll infusion (12.26 + 2.54 fold greater than control; p<0.05),
but did not persist beyond 1d. When compared to CXCL12, CCL2 expression appeared
to peak earlier and was several fold higher.

Flow cytometry was used to confirm that fibrocytes express the receptors for
CXCL12 (CXCR4) and CCL2 (CCR2). PBMC were cultured for 3d to obtain enriched
fibrocytes for flow cytometry, as previously described*’. Cultured cells were labeled for a
fibrocyte phenotype (co-expression of CD133 and vimentin) and both CXCR4 and
CCR2. Cells positive for the fibrocyte phenotype were gated on to evaluate the receptor
expression. In Fig. 4.1C, one can see that CD133"/Vimentin" fibrocytes also co-express
CXCR4 (y-axis) and CCR2 (x-axis); representative flow cytometry from 3 replicates
demonstrated that a large percentage (98.7%) of cultured fibrocytes co-express both
receptors. Our findings suggest that there are not two separate subsets of fibrocytes: one

that expresses CXCR4 and one that expresses CCR2, but instead concurrent expression

of both CXCR4 and CCR2 by fibrocytes.
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We confirmed chemokine receptor expression on enriched fibrocytes using
immunofluorescence. Cultured cells were labelled for a progenitor marker (CD133) and a
mesenchymal marker (Collagen-1) to confirm the fibrocyte phenotype (co-expression), as
well as being labelled for either CXCR4 or CCR2. Nuclei were labelled blue (Hoechst).
A representative photomicrograph is shown in Fig. 4.1D with collagen fluorescing green,
CD133 fluorescing orange, and CXCR4 fluorescing pink. Similarly, a representative
photomicrograph is shown in Fig. 4.1E with collagen fluorescing pink, CD133
fluorescing orange, and CCR2 fluorescing green. The co-localization of these markers in
both micrographs appears red. Red co-localization can be seen in both photomicrographs,
supporting our flow cytometry results and confirming that fibrocytes taken from the
circulation and purified in vitro express CXCR4 and CCR2. We then aimed to evaluate

the blockade of CXCL12 and CCL2 on fibrocyte migration in the AnglI in vivo model.

4.2.2 CXCR4 Antagonism with Angll Exposure Increases Cellular Infiltration and
fibrosis In the Myocardium

As we have shown previously, Angll infusion resulted in significantly increased
myocardial cellular infiltrate (Fig. 4.2C), which was absent in saline controls (Fig. 4.2A).
We used a previously described standard grid counting technique to quantify cellular

. . 4768270
infiltration*”%%%’

. Quantitatively, we observed that 29.99 + 4.01 % of the myocardium
was affected by cellular infiltrate in representative sections following Angll infusion
(Fig. 4.2I). Unexpectedly, blocking the CXCL12-CXCR4 axis with AMD3100 led to an
increase in cellular infiltration when compared to all other experimental groups (Fig

4.2E). 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
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significant 2.5-fold increase in percentage of grids affected in the myocardium relative to
AnglI alone (p<0.01). AMD3100 infusion alone was insufficient to recruit cells to the
myocardium (Fig. 4.2G)*"’.

We quantified collagen deposition (marker of fibrosis) in the myocardium using a

standard Sirius Red stain*’¢%-%427

. Following AnglI infusion, collagen content in the
myocardium increased to 11.50 £+ 1.12% of representative sections compared to control
(2.114+1.25%) (Fig. 4.2B, D, J). Consistent with the increase in infiltrating cells seen with
CXCR4 blockade, simultaneous infusion of Angll and AMD3100 significantly increased
collagen content (28.05 + 2.83%) in the myocardium compared to both control and Angll

infusion (Fig. 4.2F.J) (p<0.01). AMD3100 infusion alone did not lead to significant

changes in collagen content (Fig. 4.2H, J).

4.2.3 Infiltrating Cells Are Phenotypical of Fibrocytes

In Angll infusion models, fibrocytes are suspected of contributing to the
deposition of ECM and as such, inhibiting their recruitment in pulmonary fibrosis models
with CXCR4 antagonism or neutralization has been shown to reduce fibrosis®**2%>*"%,
Contrary to expectations, we now show that with CXCR4 blockade there is a several fold
increase in myocardial cellular infiltration leading to worsening fibrosis. Frozen
myocardial tissue from animals infused with Angll and Angll + AMD3100 were stained
for the pan-leukocyte marker CD45 and the mesenchymal marker SMA. Co-localization
of these two markers is a phenotype characteristic of fibrocytes””*"". A representative

photomicrograph from an Angll + AMD3100 heart is shown in Fig. 4.3 with CD45

fluorescing green and SMA fluorescing red. The co-localization of these markers appears
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yellow and is present on a large proportion of infiltrating cells (Fig. 4.3). These findings
confirm that blockade of CXCR4 resulted in significant (CD45/SMA") fibrocyte
migration to the myocardium. Serving as a positive control, fibrocytes were also observed
in the myocardium of Angll-infused animals, as previously described (data not

shown)*"*"".

4.2.4 CXCR4 Antagonism Mobilizes Progenitor Cells, but Does Not Increase Blood
Pressure or Proliferation

Antagonizing CXCR4 is known to mobilize large numbers of hematopoietic stem
cells into circulation which likely includes fibroblast progenitor cells or fibrocytes®””. We
confirmed this effect in our model by quantifying circulating blood leukocytes. Following
AMD?3100 infusion, the concentration of leukocytes (absolute number per known volume
of blood) in the circulation rose to 2.23 fold greater than saline control (Fig. 4.4A)
(»<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 AMD3100 increases the
concentration of circulating progenitor cells. It also supports the idea that increased
circulating progenitor cells may be responsible for the increase in infiltrating cells in the
myocardium. Our data does, however, suggest that the mechanism of migration to the
myocardium may not be dependent on CXCR4-CXCL12 axis.

Previous work has shown that infiltrating cells seen after Angll exposure can
significantly proliferate, potentially explaining the significant difference in infiltration
seen in animals also receiving AMD3100. Proliferation of infiltrated cells was therefore

assessed by KI-67 immunohistochemical labelling, which was used to calculate a
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proliferation index. The proliferation index was based on the number of KI-67" cells over
the total number of infiltrating cells. In the AngllI group, 56.9 + 4.4% of infiltrating cells
(Fig. 4.5B) were found to be proliferative, as indicated by KI-67 positivity compared to
54.6 £ 2.1% in the Angll + AMD3100 group (Fig. 4.5C, D; p=ns). The high proliferative
index in both groups supports evidence that the majority of infiltrating cells are fibroblast
progenitor cells rather than terminally differentiated leukocytes (Fig. 4.5D), but our
results suggest that the increase in infiltrating cells observed with AnglI+AMD3100
infusion is not due to enhanced proliferation. Saline control animals showed minimal
proliferation in the myocardium (Fig. 4.5A).

AMD3100 also did not have a significant effect on blood pressure with or without
co-infusion of Angll (Fig. 4.6A). Consistent with our blood pressure findings,
hypertrophy was also not significantly different between Angll and Angll + AMD3100
animals (Fig. 4.6B). Thus, the increase in infiltrating cells in the myocardium is likely the
consequence of increased cell mobilization from the bone marrow by CXCR4
antagonism, not changes in proliferation or changes in blood pressure between

experimental groups.

4.2.5 Fibrocyte Migration and Fibrosis in the Absence of CCR2

Others have previously shown that CCL2-CCR?2 axis blockade using CCL2"" and
CCR2”" animals resulted in less myocardial fibrosis®*"****#*!_ This led researchers to
believe that fibrocyte migration was CCL2-CCR2 dependent; however, these studies

were limited to time points 14d or longer, which contrasts to work in our laboratory that

suggests important fibrocyte migration occurs in the first 3d*’. As such, we examined
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whether early cellular infiltration and fibrosis observed with Angll + CXCR4 antagonism
would be reduced in CCR2”" mice. Following 3d of AnglI or AngIl + AMD3100
infusion, representative sections from CCR2” mouse hearts were stained for H&E and
SR/FG. Despite the absence of CCR2, significant cellular infiltrate was still observed in
Angll and Angll + AMD3100 myocardium (Fig. 4.7C, E, 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 (Fig. 4.7G). Similarly, there was significant
myocardial fibrosis present in Angll and Angll + AMD3100 infused hearts in CCR2”"
animals (Fig. 4.7D, F, H). Thus, at this early time point, CCR2" mice failed to show a
reduction in either cellular infiltrate or fibrosis compared to WT. Infiltration was absent
in saline controls (Fig. 4.7A).

Given that CCR2”" mice relative to WT reportedly show reductions in myocardial
infiltrate and fibrosis following Angll infusion, we investigated potential differences in
the experimentation that may account for why our results differed”. We first lowered our
AngllI dose to 2.1mg/kg/d and extended our length of infusion up to 28d as done by
others. We observed significant reductions in both cellular infiltrate (Fig 4.8A, C) and
fibrosis (Fig 4.8B, D) in CCR2™" mice relative to WT at 28d, but this was not the case at
3d, supporting our previous findings in which early infiltration was not affected by the
absence of CCR2. Quantitatively, CCR2”" animals that received Angll had a 48.7%
reduction (Fig. 4.8E) in the percentage of grids affected in the myocardium relative to
WT (p<0.01). Consistent with myocardial infiltration findings, there was a significant
reduction in fibrosis (Fig. 4.8F; 51.0%) in CCR2™" animals receiving AnglIl compared to

WT controls, but only at 28d (p<0.01). In both CCR2"" and WT mice, the collagen
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appeared to have undergone maturation, increasing in density and colour, as seen by

Sirius Red staining (Fig. 4.8B, D).

4.2.6 CCR?2 drives fibroproliferation in the Angll-exposed myocardium

Previous in vitro studies have demonstrated that isolated circulating fibrocytes
proliferate in response to an alternative ligand for CCR2, CCL12°**. As such, we
investigated CCL12 transcript levels in the Angll-exposed myocardium and whether
there were any changes in proliferation at the time of peak infiltration (3d).

Angll infusion led to a significant increase in myocardial CCL12 transcript by 3d
relative to saline controls (Fig. 4.9A) (*p<0.05; n=4). At the same time point, we
evaluated proliferation of infiltrating cells in the myocardium of CCR2” and WT mice
again using the proliferation marker KI-67. We found that 43.20 + 1.59 % of infiltrating
cells in the myocardium of WT mice were proliferating, as indicated by KI-67 positivity
(Fig. 4.9B, C). Infiltrating cells in the myocardium of CCR2™ mice, however, exhibited
significantly lower proliferation with only 31.42 + 3.18 % of infiltrating cells expressing
KI-67 —a 27.3% relative reduction in proliferation compared to WT.

We then verified that the observed in vivo reductions in infiltrate were due to
changes in CCR2-dependent proliferation. We evaluated the proliferation of isolated
ECM-producing cells from 3d Angll WT and CCR2" hearts in response to CCL2 and
CCL12. After 2d in culture in the presence of CCL2, CCL12, or complete RPMI, we
compared proliferation relative to serum-free conditions. Neither WT, nor CCR2™" cells
exhibited proliferation in response to CCL2 stimulation, as has previously been suggested

by Ekert et al. (Fig. 4.9C)***. Proliferation was, however, significantly increased in WT
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cells in response to 50ng/ml, 100ng/ml, and 200ng/mL of CCL12 (Fig. 4.9d, p<0.035,
n=4). CCR2"" cells, however, only displayed significantly increased proliferation at the
highest tested CCL12 concentration, 200ng/mL.

It follows that the reductions in infiltration we observe in CCR2”" relative to WT
mice at 28d of Angll infusion are due to early (3d) changes in infiltrating cell
proliferation. These changes appear to be at least in part due to the inability of CCL12 to

interact with its primary receptor, CCR2.
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4.3 Figures
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Figure 4.1 - Angll increases myocardial CXCL12 and CCL2 mRNA. Using qPCR, we
measured myocardial expression of CXCL12 and CCL2 transcript levels relative to 18s
ribosomal gene expression. (A) Relative mRNA transcript levels for CXCL12 were
significantly increased in Angll-infused animals at 1 and 3 days (**p<0.01). (B)
Transcript levels for CCL2 were also significantly increased in Angll-infused animals by
6hrs and remained significantly elevated at 12hrs. (**p<0.01). (C) Representative flow
cytometry confirmed that cultured fibrocytes (CD133" Vim") predominantly co-express
the receptors CXCR4 and CCR2. As further support, representative immunofluorescence
is shown for the expression of (D) CXCR4 and (E) CCR?2 on fibrocytes cultured from
circulating leukocytes. The co-localization of the fibrocyte markers and either receptor
overlay as red. Images were captured at 100x. Data is expressed as the mean = SEM.
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Figure 4.2 - CXCR4 antagonism increases cellular infiltrate and fibrosis. Representative
sections of 3d hearts stained with H&E (A, C, E, G) and SR (B, D, F, H): saline control
(A, B), Angll (C, D), Angll + AMD3100 (E, F), and AMD3100 (G, H). Angll-infusion
led to significant cellular infiltrate in the heart (*p<0.01) relative to saline controls.
Infiltrate was significantly exacerbated by CXCR4 antagonism relative to Angll-infusion
alone (**p<0.01). Angll-infusion also led to increased myocardial collagen content
relative to saline controls (*p<0.01). The significant increase in cellular infiltrate
observed with CXCR4 antagonism (I) was associated with significantly increased
collagen content relative to Angll-infusion alone (J), as semi-quantified by digital image
analysis (**p<0.01; n=5). Images were captured at 40x. Data is expressed as the mean +
SEM.
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CDh45 a-SMA Combined

Angll +
AMD3100

Figure 4.3 - Infiltrating cells are predominantly fibrocytes. Myocardial sections were
labelled for the leukocyte marker CD45 (green) and the mesenchymal marker o-SMA
(red). The overlay of these markers showed co-localization (yellow) of infiltrating cells in
the myocardium of Angll + AMD3100 infused animals. Fibrocytes were found in the
myocardium of Angll 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
6hrs of AMD3100 infusion, the absolute number of circulating leukocytes per known
volume of blood were significantly elevated compared to saline infusion. The same
circulating leukocytes were labelled for the progenitor marker CD133 (n=4). (B)
Representative flow cytometry demonstrated that CD133" cells were present in the
circulation of saline infused animals, however, (C) AMD3100 infusion led to a
significant increase in circulating CD133" leukocytes relative to saline infusion
(*p<0.05). Data is expressed as the mean + SEM.
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Figure 4.5 - Increased cellular infiltrate is not due to proliferation. KI67 labelling was
used to assess proliferation in 5 fields of view at 40x in representative sections of
myocardium for each experimental group — (A) saline, (B) Angll, and (C) Angll +
AMD3100. (n=3). Angll and Angll + AMD3100 infused animals both showed large
proliferating populations, which were absent in saline controls. (D) The myocardial
proliferation between the Angll and Angll + AMD3100 infused animals did not differ
significantly. Data is expressed as the mean = SEM.
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Figure 4.6 - Increased infiltrate and fibrosis is not blood pressure or hypertrophy
dependent. (A) Tail cuff measurements at the 3d endpoint demonstrated that Angll
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). Data is expressed as the
mean + SEM.
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Figure 4.7 - CCR2-/- mice do not exhibit reduced infiltrate and fibrosis in the heart
following 3d of high-dose Angll infusion. Representative sections of 3d hearts stained
with H&E (A, C, E) and SR (B, D, F) are shown: saline control (A, B), Angll
(2.1mg/kg/d) (C, D) and Angll + AMD3100 (E, F). Myocardial infiltrate and fibrosis
were compared between CCR2” and WT mice. Angll led to significant cellular infiltrate
and fibrosis compared to saline controls in both CCR2" and WT mice (*p<0.01, n=3),
which was again exacerbated by CXCR4 antagonism relative to Angll-infusion alone
(**p<0.01, n=3). Despite the absence of CCR?2, infiltrate (G) and fibrosis (H) were not
significantly reduced at the 3d time point relative to WT experimental groups. Images
were captured at 40x. Data is expressed as the mean £ SEM.
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Figure 4.8 — CCR2-dependent reductions in infiltrate and fibrosis are time-dependent.
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. Data is expressed as the mean = SEM.
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Figure 4.9 — ECM-producing cells proliferate in response to CCL12, which is
upregulated in the Angll-exposed myocardium. (A) CCLI12 — a CCR?2 ligand known to
increase fibrocyte proliferation — exhibited significantly increased myocardial transcript
levels following 3d of Angll infusion relative to saline controls (*p<0.05, n=4). K167
labelling was used to assess proliferation in 5 fields of view at 40x in representative
sections of myocardium from (C) CCR2” and (D) WT mice (n=3). Both (C) WT and (D)
CCR2 " mice exhibit proliferation of infiltrating cells following 3d of Angll infusion. (B)
CCR2"" mice, however, exhibit reduced proliferation relative to WT mice (*p<0.05).
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Saline controls showed minimal proliferation. In vivo observations were confirmed using
an in vitro proliferation assay on ECM-producing cells exposed to CCL2 or CCL12. (E)
CCL?2 failed to induce proliferation in ECM-producing cells isolated from the
myocardium of Angll infused WT and CCR2”" mice (n=4). (F) ECM-producing cells did,
however, show proliferation in response to CCL12 stimulation in both WT and CCR2”"
cells (n=4, *p<0.05). These significant increases were limited to the highest dose
(200ng/mL) in CCR2™”" cells. WT cells also proliferated in response to our positive
control, 10% FBS (n=4, *p<0.05), while CCR2"" cells failed to exhibit increases in
proliferation in response to FBS. All concentrations are expressed in ng/mL.
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Supplementary Figure 4.1 - Comparing myocardial infiltrate between Angll and Angll +
AMD3100 by haematoxylin staining. Representative myocardial sections from (A) Angll
and (B) Angll + AMD3100 stained with haematoxylin. These sections better demonstrate
the dramatic increase in cellular infiltrate and infiltrate density following co-infusion
with Angll and AMD3100 relative to Angll infusion alone.
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4.4 Discussion

Fibrocytes are important mediators of fibrosis in a variety of pathologies and have
been proposed as a therapeutic target for alleviating the burden of scar tissue formation in
organs. In the development of potential therapies targeting fibrocytes, researchers have
identified chemokines that may be responsible for recruiting fibrocytes to these tissues.
Some researchers have reported benefits in treating pro-fibrotic conditions by

manipulating the chemotactic axes of either CXCL12 or CCL2%%3227:256.263.273

. However,
most of the published work has been in models other than myocardial fibrosis and limited
to later time points, in which fibrocyte migration may be less clearly established”**”. The
main objective of the present study was to examine fibrocyte migration at an earlier time
point in which fibrocyte migration is well-described and manipulate both axes
concurrently*’%.

CXCL12 is a potent chemotactic factor for progenitor cells and is upregulated in
many CVD*"**>2% 'We observed an increase in CXCL12 transcription in the heart
following exogenous Angll infusion — a hypertensive model of myocardial fibrosis®’.
Peak CXCL12 expression was at 1d, which coincided with the early (1d-3d) recruitment
of bone marrow-derived fibrocytes and the development of fibrosis*’. It followed that
CXCLI12 may be recruiting fibrocytes in Angll-mediated myocardial fibrosis. In support
of this idea, others have suggested that using a receptor antagonist for CXCR4 in
pulmonary fibrosis leads to reduced fibrocyte recruitment and consequently reduced

- 227,256,265
fibrosis®?7*%%

. Under the same premise, we hypothesized that CXCR4 antagonism with
AMD3100 would inhibit the infiltration of fibrocytes into the myocardium, ultimately

decreasing myocardial fibrosis.
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In conjunction with Angll, we administered a dose of AMD3100 that was
previously shown to be effective in blocking CXCR4 and reducing fibrocyte recruitment
to the lungs. To our surprise, CXCR4 antagonism with AMD3100 did not reduce
fibrocyte migration. Instead, we observed a significant increase in cellular infiltration and
fibrosis at 3d of infusion. We confirmed that infiltrating cells were CD45 /aSMA"
fibrocytes, similar to what was seen in Angll animals, and also showed that the degree of
proliferation was not different between groups, suggesting that the observed difference
was due to increased fibrocyte migration. AMD3100 is a known to mobilize progenitor
cells, due to its ability to interfere with attractive force of the CXCL12-CXCR4 axis in

the bone marrow”’”

. We did find that AMD3100 administration significantly increased
the number of CD133" circulating progenitor cells. As such, administering AMD3100
increased the concentration of progenitor cells in circulation, which we believe may be
responsible for the increased cellular infiltration observed following Angll and
AMD3100 infusion by simply allowing a larger pool of circulating cells capable of
migration to the myocardium. Consistent with what others have shown, infusion with
AMD3100 alone did not result in infiltration or fibrosis®’’.

In contrast to pulmonary fibrosis models, which demonstrate benefits from
concurrent CXCR4 inhibition, our results indicate that the recruitment of fibrocytes or
role of CXCL12 in tissue fibrosis may be dependent on the model and organ
affected™”>**** While tissue fibrosis appears to involve similar mechanisms in the liver
and heart, lung and skin models may differ in the key chemokines and cytokines

involved, as supported by our findings'**"***¢_QOur results cumulatively suggest that

CXCR4 antagonism in our model of Angll-mediated myocardial fibrosis exacerbates
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fibrocyte recruitment and fibrosis, likely secondary to the significant mobilization of
progenitor cells into the circulation, which were then available to migrate to the
myocardium in a CXCL12-independent manner.

Alternatively, CCL2 has also been suggested as a chemokine involved in

69,93,273 : .
23213 Using knockouts for its

fibrocyte migration, including studies in heart tissue
receptor (CCR27), investigators have been able to show reduced fibrosis in the
myocardium. This reduction in fibrosis appeared to be associated with reduced fibrocytes
observed in the myocardium leading investigators to conclude that fibrocyte migration
was CCL2-CCR2 dependent. It is, however, important to note that these investigators
looked at fibrocyte migration later (14-28d). This is in contrast to work in our laboratory

47270 In the

that has characterized extensive fibrocyte migration within 3d of Angll
present study we therefore initially evaluated the ability for fibrocytes to migrate to the
myocardium following 3d of Angll infusion in CCR2” mice. Once again, to our surprise,
myocardial cellular infiltration and fibrosis did not differ between wildtype and CCR2™
mice, suggesting that early fibrocyte migration can also be CCR2-independent. Similarly,
CCR2"" mice failed to demonstrate reductions in cellular infiltrate and fibrosis when
Angll was administered concurrently with AMD3100. On the surface, our findings
contrast what others have shown using slightly different doses of AngllI and longer

993 We sought to replicate experiments

duration of exposure to assess fibrosis (14-28d)
of Xu. et al in which the Angll dosage was adjusted (2.8mg/kg/d vs. 2.1mg/kg/d) as well
as the length of infusion (3d vs. 28d)”. Once again, using this approach we found that at

3d, CCR2™ mice did not have a reduction in fibrocyte migration or fibrosis. We found,

however, that there was a significant difference in both cellular infiltrate and fibrosis in
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the myocardium following 28d of Angll infusion in CCR2” mice relative to wildtype, as
reported by other investigators”. Taken together, these findings suggest that the
recruitment of fibrocytes early (3d) in the development of myocardial fibrosis is not
dependent on CCR2, but that later migration of fibrocytes may still be CCR2-dependent.
Alternatively, our results suggest that the beneficial changes observed at 28d of
Angll infusion in CCR2” mice may be unrelated to the chemotactic effects of CCL2-
CCR?2 and are at least in part due to modulated proliferation of ECM-producing cells. In
support of this explanation (non-chemotaxis), Moore et al. demonstrated that CCR2"
mice showed reduced pulmonary fibrosis at 21d, but this observation was independent of
decreased cellular infiltrate or changes in infiltrate composition at the earlier time point
of 7d**’. In agreement with our observations, Ekert ef al. examined the proliferative
capacity of fibrocytes in response to CCL2 and CCL12**2. They found that while human
fibrocytes proliferate in response to CCL2, mouse fibrocytes proliferate to CCL12
exposure. CCL12 is found to be upregulated in pulmonary fibrosis models as well****".
In our Angll model, we observed increased myocardial CCL12 transcript following 3d of
infusion in WT mice. We also observed reduced proliferation of infiltrating cells in
CCR2” mice relative to WT. We then demonstrated that ECM-producing cells isolated
from the myocardium following 3d of Angll exhibit proliferation in response to CCL12,
but that these effects were limited in CCR2”" cells. Since CCL12 was able to promote
proliferation at higher concentration in CCR2-/- cells, it suggests that CCL12 may have
effects independent of CCR2, potentially through an unidentified, low-affinity receptor.
CCR2™" cells also failed to significantly respond to our positive control, 10% FBS. This

may be due to factors in the FBS that interact with CCR2, but this would require further
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investigation. Finally, there are still proliferating cells in the CCR2”" myocardium
following Angll infusion, confirming that CCR2 ligands are not the only factors
influencing fibrocyte proliferation.

Sakai et al. have also demonstrated the importance of CCR2 in fibrogenesis by
examining the production of pro-fibrotic factors by M® in response to CCL2
stimulation”””. Changes in pro-inflammatory and pro-fibrotic cytokines have been noted
in several models of fibrosis that implicate the CCL2-CCR2 axis®***"**’%** As such, in
Angll-mediated myocardial fibrosis, fibrocytes recruited within the first 3d of infusion
may respond to CCL2 by regulating pro-fibrotic factors, thus promoting ECM
deposition’”. As fibrosis develops over the course of 3d to 28d in CCR2™" mice receiving
Angll, reduced fibrocyte proliferation with or without reduced production of fibrotic
factors may be occurring as a consequence of abolished CCR2 signaling; however, the
latter would need to be evaluated.

Based on our findings, we believe that CCR2 and its ligands — specifically CCL12
— remain valuable therapeutic targets capable of regulating myocardial fibrosis. However,
our findings do not support a prominent role for CCL2 in early fibrocyte migration or
proliferation in the first 3d of AnglI infusion. We provide evidence that the mechanism
by which the absence of CCR2 confers benefit is modulated fibrocyte proliferation due to
the loss of CCL12-CCR2 interaction. Similarly, while CXCL12 plays a role in the
development of myocardial fibrosis — be it positive or negative — it does not appear to be
in the early recruitment of fibrocytes. While CXCL12 may have a role in the mobilization
of progenitor cells, including fibrocytes, inhibition of its receptor, CXCR4, appears

capable of worsening myocardial fibrosis — something that may have clinical
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implications, as AMD3100 is used in some patients for autologous bone marrow
transplantation®®®. Reducing fibrocyte recruitment in fibrotic conditions could be an
important therapeutic strategy; however, further work is necessary to establish which
chemokine(s) may be responsible for the early recruitment of fibrocytes to the

myocardium.
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5.1 Introduction

Myocardial fibrosis is a common feature in CVD and is suspected to be the final

pathway in the development of heart failure**

. The characteristic feature of myocardial
fibrosis is the abnormal accumulation of ECM proteins. As ECM proteins accumulate,
the heart stiffens and myocardial dysfunction develops that can ultimately culminate in
heart failure. In the US alone, almost 6 million people are afflicted with heart failure,
which contributes to an estimated over 300,000 deaths per year, emphasizing the
importance of understanding the mechanisms underlying the development of myocardial
fibrosis®”’.

Fibroblasts have been described as the effector cell responsible for ECM
deposition; however, there is increasing evidence that M® may be key orchestrators of
fibrosis through their interactions with fibroblasts'*'**'**>. An evolving understanding of
MO plasticity has added complexity to the relationship between M® and fibrosis. We
now know that M® are a heterogeneous population capable of pro-inflammatory
(classical), regulatory/anti-inflammatory (non-classical), and intermediate phenotypes. In
humans, these populations represent a wide spectrum of potential differentiation and
activation state and are characterized by their expression of CD14, CD16, CCR2, and
CX3CRI1, among other markers. On one end of the spectrum, the classical or M1
population, is CD14"€" CD16” CCR2"#" and CX3CR1"" '*+*° Conversely, on the other
end of the spectrum, the non-classical or M2 population, is CD14"°Y CD16"" ™" CCR2"Y
and CX3CR1"e" 12 This chemokine receptor expression is mirrored in mice; however
mice do not express CD16, the M1 to M2 transition is characterized by the loss of Ly6C

184,296

expression . Thus, the consistency of the M1/M2 paradigm between mice and
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humans supports the use of mouse models to characterize the roles of monocyte and M®
subsets in disease.

Although M1 M®-mediated inflammation can worsen tissue injury and
exacerbate fibrotic responses, M2 M® can also produce anti-inflammatory and pro-
fibrotic factors such as interleukin (IL)-10, TGF-B, CTGF, and platelet-derived growth
factor (PDGF) to directly promote fibroblast proliferation and ECM production®”>**7*,
These M® activation states do not exist exclusively from one another. Rather, the
contribution of M® subsets to fibrosis is part of a dynamic response determined by the
demands of healing tissues and characterized by differential monocyte recruitment and
the ability to shift between functional phenotypes.

M® phenotype change during fibrotic responses has been suggested in a number
of fibrosis models including liver, lung, and kidney; however, the evidence in the

291,298-300 .
’ . Work in our

myocardium is only suggestive and limited to ischemic injury
laboratory using a hypertension model of myocardial fibrosis has shown that myocardial
fibrosis is preceded by a mass influx of circulating mononuclear cells characteristic of
MO, expressing markers such as ED1, CD11b, and F4/80 *"*"°. Infiltrating monocytes
can dramatically expand the M® population in the heart.

Recent findings have also demonstrated that an important resident M® population
exists in the myocardium, thus providing an additional source of M®-fibroblast

interactions but their role in myocardial fibrosis is unknown'”’

. These new knowledge
could mean that monocytes and M® may represent important therapeutic targets for

myocardial fibrosis rather than targeting the final effector cell, the fibroblast. However,

elucidating the contributions of the different M® populations and specific subsets in
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myocardial fibrosis needs to be better understood and is a necessary step toward M®-
dependent therapies. Liposomal monocyte depletion and chemokine receptor knockouts
are valuable tools for characterizing the contribution of M® subsets' "',

Here, we use the well-established Angll model to study myocardial fibrosis,
which is dependent on sustained hypertension and RAAS activation, as is observed

47,68,71,155,270

clinically in patients . The Angll model is characterized by significant MO

infiltrate, a pro-fibrotic milieu, and significant ECM deposition without the loss of

47.270303 "pyrthermore, our work with CCR2”

healthy tissue as seen in ischemic injury
mice in this model suggests that the non-classical CX3CR1 pathway may be important to
non-ischemic myocardial healing’'. This model offers the unique opportunity to study
myocardial fibrosis without conflicting ischemia that is seen post MI and focus the
depletion to the fibrotic stage of the response.

We have characterized early M® accumulation and the effects of monocyte
depletion on the development of Angll-mediated myocardial fibrosis. Specifically, we
examined the effects of liposome monocyte depletion on cellular infiltrate, the pro-
fibrotic environment, and the development of myocardial fibrosis. In addition, we are the

first group to characterize myocardial healing in the absence of CX3CRI1 signalling — the

outcomes of which could have important therapeutic implications.

5.2 Results

5.2.1 M® Are Present in the Myocardium Following 3d Angll Infusion
Previous work in our laboratory using a well-established AnglI infusion model of

hypertension and hypertrophy has demonstrated that bone marrow-derived leukocyte

90



47,68,71,155,270
TO8TLIS.270 pyrthermore,

infiltration precedes the development of myocardial fibrosis
we have established that infiltration starts by 1d and peaks at 3d of Angll infusion, thus
making it an important time-point to characterize infiltrating cells.

Consistent with previous findings, the majority of infiltrating cells in the AnglI-
exposed myocardium were mononuclear (Fig. 5.1A). We then further characterized the
infiltrating cells using flow cytometry and immunohistochemistry. In saline controls,
2.58% + 0.01 of non-myocytes isolated from the heart expressed the CD11b" SSC"*™ M®
phenotype, likely representing rCM®, as recently described (Fig. 5.1B, D) '*"*!2%,
Following Angll infusion, the percentage of cells expressing the M® phenotype
significantly increased to 19.33% + 1.53 —a 7.49-fold increase over saline controls (Fig.
5.1C,D; P <0.0001). Consistent with non-classical M®, cells expressing the chemokine
receptor CX3CR1" were observed in the areas of M® accumulation (Fig. 5.1E). These
M® were further characterized by flow cytometry for Ly6C expression.

In both the saline- (Fig. 5.1F) and Angll-exposed (Fig. 5.1G) myocardia, the
CDI11b" sSCv population displayed a shift toward Ly6Cl°W expression, indicative of a
non-classical phenotype. When quantified in the Angll infused group, the Ly6C""
population represented 54.56% % 1.93, whereas the Ly6C™¢ and Ly6C™¢" comprised
27.46% £ 0.74 and 18.05% =+ 1.58, respectively (Fig. 5.1H; P <0.001). Favoring the
Ly6C"" CX3CR1" M® phenotype is consistent with previous work in which CCR2™"
mice did not demonstrate a reduction in early cellular infiltrate or fibrosis in the

myocardium early after AnglI exposure’'. Furthermore, our previous work with GEP

bone marrow chimeras indicates that these areas of cellular infiltrate are predominantly
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derived from circulating monocytes®’. It followed that these M® could be depleted using

IV liposomes.

5.2.2 M® can be targeted with liposomes in circulation

Circulating monocyte targeting was evaluated by administering fluorescent, DiO"
liposomes to mice during Angll infusion. Liposome administration was initiated one day
prior to implanting an osmotic mini-pump containing Angll to saturate circulating
monocytes with liposomes. Animals were sacrificed after 3d of Angll infusion and frozen
sections of heart were characterized by immunofluorescence. In a representative section
of myocardium, a population of CD11b" cells (Fig. 5.2A) were observed in areas of
collagen deposition (Fig. 5.2A). In addition, punctate green fluorescence was observed in
these same areas, consistent with DiO" liposomes (Fig. 5.2A). Cell nuclei were labeled
with Hoechst (Fig. 5.2A). Immunofluorescence staining confirmed the co-localization of
liposomes in CD11b expressing cells (Fig. 5.2B). Liposomes were not observed in non-
M®, supporting intravenous phagocytosis by monocytes as the mechanism for targeting
these cells and supporting our previous work, suggesting that a significant number of
myocardial infiltrating cells are derived from the circulation. The appearance of
liposome-laden M® in the myocardium following AnglIl infusion supports the premise

that these M® can be targeted in circulation by IV liposome administration.

5.2.3  Monocyte depletion prevents M® accumulation in the Angll-exposed
myocardium

To confirm that monocytes could be depleted with cytotoxic clodronate

liposomes, mice were intravenously administered liposomes containing either PBS or
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clodronate beginning 1d prior to Angll infusion and each subsequent day for a total of
four treatments. Non-liposome animals infused with Angll served as controls. Following
4 liposome treatments, blood samples were characterized for monocyte populations using
flow cytometry and taken for smears and stained for cell morphology using Giemsa. Flow
cytometry supported a reduction of approximately 50% in F4/80" CD11b" cells in
animals receiving clodronate liposomes (Fig. 5.3C) relative to PBS liposomes (Fig.
5.3A), which was further confirmed using blood smears. The ablation of monocytes with
clodronate liposomes was consistent with the Ly6C expression profile of new monocytes
(Ly6Chigh) entering circulation from the bone marrow (Fig. 5.3D) relative to those
differentiating toward non-classical (Ly6Cl°W) monocytes in animals receiving PBS
liposomes (Fig. 5.3B). A blind observer assessed cells on blood smears for morphology
and counted leukocyte subsets to a total of 350 cells per slide. Non-monocyte populations
were unaffected by the administration of either PBS or clodronate liposomes (Fig. 5.3F).
Control and PBS liposome animals exhibited 4.26% =+ 0.20 and 3.53% =+ 0.36 monocytes
of the total leukocyte population, respectively (Fig. 5.4E-F). The clodronate liposome
group, however, demonstrated a significant reduction in monocytes, exhibiting 0.51% =+
0.08 of leukocytes (Fig. 5.3E-F; P <0.001). This represented an 88.0% and 85.5%
reduction in circulating monocytes relative to control and PBS liposome animals,
respectively. Thus, consistent with previous reports, intravenous clodronate liposomes

can effectively deplete circulating monocytes™*.

5.2.4  Clodronate liposomes reduce monocyte infiltration in the Angll-exposed
myocardium
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Animals were infused with Angll and intravenously injected with, either PBS
liposomes, clodronate liposomes, or clodronate solution and sacrificed at 3d. Myocardia
from these animals were assessed for the percent of myocardium affected by infiltrating
cells using a standardized grid as previously described®®’"'*>?7%** AnglI infusion led to
obvious areas of cellular infiltrate in the myocardium as indicated by an abundance of
perivascular and interstitial mononuclear cells — the same pattern of mononuclear cells
was minimal or absent in saline controls as previously described*’. Myocardia from
animals that received Angll and either PBS liposomes or clodronate solution
demonstrated similar patterns of mononuclear infiltrate relative to AngllI alone (Fig.
5.3G-H and 5.1A). Quantitatively, Angll-exposed hearts exhibited 10.00% =+ 1.34 of
heart grids affected by infiltrating cells — a significant increase over saline controls
(0.37% £ 0.37; Fig. 5.3J; P <0.001). Consistent with AnglI infusion alone, animals that
received Angll and either PBS liposomes or clodronate solution had 14.66% =+ 1.23 and
13.53% =+ 1.50 of the heart affected, respectively (Fig. 5.3J). In contrast, to all the above
controls animals that received Angll and clodronate liposomes showed little infiltration
of cells in the myocardium (Fig. 5.3I). Myocardia from animals that received Angll and
clodronate liposomes exhibited just 3.28% 4 0.26 in area of myocardium affected by
infiltrating cells — a significant 77.6% reduction in infiltrating cells relative to Angll
infused animals approaching that of control animals (Fig. 5.3J; P <0.001).
Immunofluorescence for CD11b (Fig. 5.3L) and F4/80 (Fig. 5.3N) in myocardia from
animals receiving Angll and liposomes displayed little to no positivity confirming our

findings.
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Consistent with Angll infused animals, those receiving PBS liposomes and AngllI
still showed populations of CD11b" (Fig. 5.3K) and F4/80" (Fig. 5.3M), indicative of
M®. Angll led to significantly increased cardiac transcript levels of TGF-p3 (4.706 +
0.3498) relative to animals receiving saline (1.774 = 0.9107) (Fig. 5.30; P <0.05).
Surprisingly, clodronate liposomes in association with AnglIlI further increased cardiac
transcript levels of TGF-B (10.96 & 2.693) relative to animals receiving AnglI alone (Fig.
5.30; P <0.05). In contrast, collal (13.62 £ 3.612) and CX3CL1 (1.335 + 0.5201)
transcript levels were significantly reduced relative to animals receiving Angll alone
(97.16 +£40.31 and 13.84 + 2.649, respectively) (Fig. 5.3P-Q; P <0.05), potentially

supporting modulated non-classical M® involvement.

5.2.5 Reduction in infiltrating monocytes is associated with reduced myocardial
fibrosis

Following the analysis of infiltrating cells, representative myocardia from
individual groups were stained for collagen using the Sirius red and fast green stain as
previously described’"'>. Stained myocardia were assessed for the percentage of
collagen in whole myocardial sections. Large areas of collagen deposition were observed
in animals receiving Angll, as indicated by Sirius red staining and significantly higher
than saline control as previously described*””"'>. Similar patterns of excess collagen
deposition were observed in animals receiving Angll and either PBS liposomes or
clodronate solution (Fig. 5.4A and B, respectively). In contrast, animals receiving Angll
and clodronate liposomes had a significant reduction in collagen deposition when
compared to Angll animals — rather collagen was largely localized to vasculature, as in

saline controls. Quantitatively, collagen comprised 11.50% + 1.12 of representative
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myocardial sections from animals receiving AnglI alone (Fig. 5.4D). Consistent with
infiltrating cell data, this represented a significant increase over basal collagen levels
observed in saline controls (2.11% + 1.25; Fig. 5.4D; P <0.001). Myocardia from animals
that received Angll and either PBS liposomes or clodronate in solution demonstrated
similar changes— 14.47% £ 1.76 and 11.11% = 0.69, respectively— which were not
significantly different from Angll alone (Fig. 5.4D). In contrast, animals that received
Angll and clodronate liposomes (Fig. 5.4C) had a significant reduction in (3.28% + 0.26)
myocardial collagen content; 71.5% reduction in collagen content relative to myocardia
from animals receiving Angll alone corresponding to the significant reductions in
infiltrating cells (Fig. 5.4D; P <0.001). Animals receiving Angll (and PBS liposomes)
displayed clusters of aSMA" fibroblasts (Fig. 5.4E) — an observation consistent with our
previous findings in animals that received AnglI alone *. In support of the reduction in
collagen content, animals infused with Angll receiving clodronate liposomes did not have
clusters of aSMA " fibroblasts, suggesting reduced fibroblast differentiation to activated
myofibroblast phenotype and supporting reduced fibrosis (Fig. 5.4F). Rather, aSMA"
cells were primarily limited to vasculature as previously observed in historical controls
and likely representative of smooth muscle cells that also can express aSMA (data not
shown). Collagen ala myocardial transcript levels were significantly elevated following
Angll infusion (97.16 + 40.31) relative to saline controls (1.238 £+ 0.2920) (Fig. 5.3P; P
<0.05). However, following the administration of clodronate liposomes, myocardial
transcript levels were reduced to levels not-significantly different from baseline (13.62 +
3.612). Myocardial transcript levels of TGF-B were significantly elevated following

clodronate liposomes (10.95 + 2.693) relative to Angll alone (4.706 + 0.3498) (Fig. 5.30;
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P <0.05) and higher than in saline controls. Thus, the reduction in M® observed with
clodronate liposome treatment is associated with significant reductions in myocardial
collagen, potentially due to reduced fibroblast proliferation and/or activation into

myofibroblasts.

5.2.6  M® Promote Fibroblast aSMA Expression In Vitro

Given the reduction in collagen and aSMA" cells in the myocardia of animals
depleted of monocyte-derived M®, we evaluated whether M® could directly promote
fibroblast activation. To characterize M® and fibroblast interactions, we set up a system
of monocultures and juxtacrine co-cultures.

Following 2d of culture, M® (Fig. 5.5A), fibroblasts (Fig. 5.5B), and co-cultures
(Fig. 5.5C) were photographed under light microscopy and harvested for
immunofluorescence. Bone marrow-derived M® were characterized for purity using
immunofluorescence for F4/80 (Fig. 5.5D). The 3T3 fibroblasts were characterized for
purity and activation by the expression of collagen and aSMA, respectively (Fig. 5.5E).
The purity of M® and fibroblasts was 97.3% =+ 0.77 and 100.0% = 0.0, respectively (Fig.
5.5G; P <0.001). The CD11b" cultured M® (Fig. 5.5H) were also found to exclusively
express the Ly6C"®" non-classical phenotype (Fig. 5.51). We demonstrated increased
aSMA" fibroblast differentiation in the co-culture compared to the monoculture, as seen
in the representative fields of view (Fig. 5.5E-F). The expression of collagen and aSMA
was quantified relative to cell number by standardizing to the fluorescence intensity of
nuclei per well of cultured cells. A significant difference in collagen and aSMA

expression was observed in co-cultures relative to fibroblast monocultures (Fig. 5.5J-K; P
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<0.05). It follows that M®, specifically of the non-classical (M2) phenotype, are
sufficient to promote fibroblast activation and collagen production by promoting
myofibroblasts differentiation.

Together, the majority Ly6C'™™ M® phenotype observed in the myocardium
following Angll infusion, the reduction in CX3CL1 myocardial transcript following
monocyte depletion, and the co-culture data suggest that non-classical M® may have an
important role in the development of Angll-mediated myocardial fibrosis. To further
evaluate the role of non-classical monocyte recruitment in this process, we administered
Angll to CX3CR1” mice and characterized the effects on cellular infiltrate and

myocardial fibrosis.

5.2.7 CX3CRI-dependent non-classical monocyte recruitment is protective in Angll-
mediated myocardial fibrosis

The absence of CX3CR1 on the surface of circulating monocytes did not result in
any reduction in cellular infiltration as predicted when compared to the cellular infiltrate
in Angll-exposed WT myocardium (Fig. 5.6D). In contrast, myocardial changes appeared
to be exacerbated in the Angll-infused CX3CR1™ mice (Fig. 5.6E). In accordance with
the CX3CR1-dependent non-classical monocyte recruitment, there was a marked
reduction in myocardial CD206" (a marker of M2 non-classical M®) cells in the AngII-
infused CX3CR1"" mice when compared to AngIl WT counterparts assessed by
immunocytochemistry (Fig. 5.6F). Cellular infiltrate was significantly increased in
Angll-infused CX3CR17 (17.37% + 2.13 of heart grids affected) mice relative to WT
controls (10.00% = 1.34 of heart grids affect; Fig. 5.6G). Furthermore, the increase in

myocardial infiltrate in CX3CR1” mice was associated with a significant 2.54-fold
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increase in collagen deposition (29.26 + 2.58) relative to WT mice (11.50% + 1.12; Fig.
5.6H). Saline controls from both CX3CR1”" and WT mice were unremarkable (Fig.
5.6H). Based on the apparent reduction in myocardial CD206 expression in CX3CR17
relative to WT mice, we suspected that there was a shift toward a classical or
intermediate phenotype and that in fact non-classical phenotype may provide a yet to be

described protective role.

5.2.8 Total M® in CX3CRI”" Angll-exposed hearts display higher Ly6C expression

Following AnglI infusion, both WT and CX3CR 17" total cardiac M® populations
(resident+infiltrating) shifted toward lower Ly6C expression relative to saline controls
(Fig. 5.7B and D to A and C, respectively). When quantified, it was found that the
reduction in cardiac Ly6C expression between saline and Angll-infused mice was
significantly reduced (P <0.05; Fig. 5.7E). In contrast total cardiac M® in
Angll/CX3CR17 mice continued to demonstrate a significant shift toward higher Ly6C
expression relative to Angll/WT mice, thus favoring a pro-inflammatory phenotype (P

<0.001; Fig. 5.7E).

5.2.9 Infiltrating M® in CX3CRI”" Angll-exposed hearts display higher Ly6C
expression

Despite the presence of multiple dense, Ly6C"", early M® populations in the
Angll-infused WT hearts, the early M® populations in CX3CR 17" demonstrated a
significant increase in MFI of Ly6C (P <0.01; Fig. 5.7F). This 1.4-fold increase relative

to Angll-infused WT mice suggests a shift toward the pro-inflammatory, classical M®
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phenotype, which could further exacerbate an overall pro-inflammatory environment set

by the resident population.

5.2.10 CX3CRI” Angll-exposed animals have a pro-inflammatory myocardial
environment

In support of the hypothesis that phenotypic pro-inflammatory M® favor an
inflammatory cardiac environment, myocardial transcript levels of the pro-inflammatory
cytokine IL-1B were significantly elevated in CX3CR1™ relative to WT AnglI-infused
mice (P <0.05; Fig. 5.7G). In addition, Angll-infused CX3CR17" displayed a significant
reduction in myocardial transcript levels of the anti-inflammatory cytokine TGFf (P
<0.001; Fig. 5.71), while maintaining myocardial transcript levels of the pro-fibrotic

connective tissue growth factor (CTGF; Fig. 5.7J).

5.2.11 Resident M® in CX3CRI”" control hearts display higher Ly6C expression

To compare M® phenotypes in the hearts of control WT and control CX3CR1™"
mice, we isolated non-myocytes following 3d of saline infusion. Cells were labeled for
F4/80, CD11b, and Ly6C as described above. In both saline infused WT (Fig. 5.7A) and
CX3CR17" (Fig. 5.7B) control hearts, there were readily identifiable populations of
F4/80"CD11b™" cells observed in the left half of the dot plots, indicative of rCM®. These
rCM® displayed a spectrum of Ly6C expression (y-axis); however, the rtCM® in the
CX3CRI1™" appeared to favor a Ly6Cmicl phenotype, more consistent with the classical or
intermediate phenotype. Quantification of Ly6C expression by MFI confirmed that even

at baseline levels, Ly6C expression in CX3CR 17" cardiac resident M® significantly
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exceeded baseline levels in WT controls (P <0.01; Fig. 5.7F). Thus, if increased Ly6C
expression indicates a pro-inflammatory M®, phenotype, then CX3CR 17" mice may have
a pre-disposition to cardiac inflammation or conversely, reduced protection to

inflammation which could explain their higher susceptibility to AnglI.

5.2.12 Differences in cellular infiltrate and collagen deposition independent of
physiological parameters

Angll infusion led to a significant increase in MAPB relative to saline controls —
130.6 £ 5.32 mmHg compared to controls 101.3 +4.22 (Table 5.1; P <0.001). WT
Animals receiving PBS liposomes, clodronate liposomes, or clodronate solution as well
as CX3CR17" mice responded to Angll with similar increases in MABP — 123.3 + 5.21
mmHG, 129.8 £ 2.88 mmHG, 124.4 + 6.01 mmHG, 125.7 + 4.57, respectively (Table
5.1). MABP did not significantly differ between experimental groups receiving Angll
with or without liposomes or clodronate solution. Thus, the overall observations in this
study appear to be blood pressure independent. Similar to blood pressure, animals
receiving Angll exhibited significant weight loss (-2.30g = 0.21) and myocardial
hypertrophy (6.15mg/g + 0.15) relative to saline controls (+0.23g + 0.04 and versus
5.19mg/g £+ 0.18 (Table 5.1). Weight loss and hypertrophy were comparable between
experimental groups receiving Angll independent of liposomes or clodronate solution.
Angll infused CX3CR1™ mice also exhibited significantly increased hypertrophy
(7.48mg/g £ 0.52) relative to Angll infused WT mice (P <0.01; Table 5.1). Finally,
transthoracic echocardiography suggested that both AngIl/WT and AngIl/CX3CR1™

mice exhibited significantly increased LVPW and IVSW thickness during systole and
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diastole relative to their respective controls supporting the findings of hypertrophy (P

<0.05; Table 5.2).
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5.3 Tables

Table 5.1 - Physiological and morphological parameters. Hypertrophy as measured by
heart weight:body weight (HW/BW). Change in body weight (ABW). Tail cuff blood
pressure measurements as mean arterial blood pressure (MABP). Relative to saline/WT:
*p<0.01, ***p<0.001; relative to Angll/WT 1}p<0.001. Data is expressed as the mean

+ SEM.
Physiological and morphological parameters.
: 1° o HW/BW MABP
Strain Treatment 2° Treatment (me/e) ABW (g) (mmHg)
Saline No Liposomes 5.19+£0.18 0.23+0.04 | 101.3+4.22
. 6.15+0.15 -230+0.21 | 130.6+5.32
No Liposomes . . .
Clodronate 6.23+0.16 -2.79+0.22 | 129.8 +2.88
WT Anell Liposomes hotk ok kx
ne . 638+0.17 | -237+021 | 1233521
PBS Liposomes . sk %
Free Clodronate 6.33*1*0.26 -2.8i 3*0.48 124.4}5 6.08
CX3CRI Saline No Liposomes 4.93 £ 0.28 _(;26941(())(;77 }gg; i 42‘451;
. Angll No Liposomes 7.48 £0.52 1% ' i ' Caw
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Table 5.2 - ECHO measurements. ECHO measurements for left ventricular posterior
wall thickness in systole (LVPWs) and diastole (LVPWd) and intraventricular septal wall
thickness in systole (IVSWs) and diastole (IVSWd). Relative to saline/WT: *p<0.05;
relative to Angll/WT 7p<0.05. Data is expressed as the mean + SEM.

ECHO measurements

Strain 1° 2° LVPWs LWPWd IVSWs IVSWd
Treatment Treatment (mm) (mm) (mm) (mm)
Saline . No 1.23+0.10 | 0.92+0.08 | 1.36+0.17 | 1.08+0.14
WT Liposomes

Anell No 1.80+0.22 | 1.20+£0.13 | 1.73+0.14 | 1.51+0.14

& Liposomes * * * *

. No

CX3CR1- Saline Liposomes 1.20+0.08 | 0.85+0.09 | 0.98+0.02 | 0.81 +£0.03
/- Anell No 1.65+0.08 | 1.24+0.06 | 1.29+0.10 | 1.09+0.09

& Liposomes * * T T
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5.4  Figures
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Figure 5.1 - Angll leads to a macrophage influx in the heart. Representative image of
myocardium stained with H&E from an animal receiving (A) Angll. Flow cytometry of
overall cardiac macrophage (resident+infiltrating) populations in (B) saline control and
(C) Angll-exposed hearts. (D) Quantification of CD11b*SSC*" macrophage populations
of saline and Angll-exposed myocardia. (E) Representative immunohistochemistry for
CX;CRI in myocardium from an Angll/WT animal receiving Angll (63x). Representative
flow cytometry on CDI11b"SSC" populations from WT animals receiving (F) saline and
(G) Angll animals characterized for CD11b (v-axis) and Ly6C (x-axis). (H) Semi-
quantitative distribution of Ly6C expression on CD11b*SSC*" populations.
(***p<0.001, ****p<0.0001, n=4-8). Data is expressed as the mean = SEM.
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Collagen

CD11b

DiO+ Liposomes DAPI

Figure 5.2 - Cardiac M® in the Angll exposed myocardium can be targeted
intravenously by liposomes. Fluorescent (DiO") liposome uptake by M® in areas of
collagen deposition from representative myocardial sections. (A) Single labels for (I)
collagen type-1, (II) CD11b, (I11) DiO liposomes, and (IV) nuclei (DAPI). (B) Overlay of
individual channels demonstrating punctate yellow fluorescence, characteristic of co-

localization with DiO" liposomes. Arrows indicate examples of co-localization. Images
were captured at 100x.
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Figure 5.3 - Monocyte depletion significantly decreases the macrophage influx following
Angll infusion. (A) Representative gating of a double-positive population in an F4/80 x
CD11b plot from an animal receiving PBS liposomes and (B) its Ly6C expression. (C)
Representative gating of the same double-positive population from an animal receiving
clodronate liposomes and (D) its Ly6C expression. (E) Percentages of neutrophils,
lymphocytes, monocytes, eosinophils, and basophils based on blood film nuclei counts.
(F) Magnified percentages of monocyte percentages from blood film nuclei counts.
(***p<0.001, n=5). Representative images from myocardial H&E sections from animals
receiving Angll and either (G) clodronate solution, (H) PBS liposomes, or (I) clodronate
liposomes (20x). (J) Quantification of area of heart affected by mononuclear infiltrate
(***p<0.001, n=3-14). Immunofluorescence confirming that animals receiving PBS
liposomes had myocardial (K) CD11b" populations that were absent in animals receiving
(L) clodronate liposomes. F4/80" cells were also observed in animals receiving (M) PBS
liposomes, but were not apparent in animals receiving (N) clodronate liposomes (40x).
Myocardial transcript levels of (0O) TGF-B, (P) collagen lal, and (Q) CX;CLI following
Angll infusion with and without clodronate liposome (*p<0.05, n=4-6). Data is
expressed as the mean + SEM.
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Figure 5.4 - Myocardial fibrosis is significantly reduced in the absence of the
macrophage influx. Representative images from myocardial sections stained with SR
from animals receiving Angll and either (A) clodronate solution, (B) PBS liposomes, or
(C) clodronate liposomes (20x). (collagen: red; cardiomyocytes: green). (D)
Quantification of SR/FG collagen content (***p<0.001, n=3-14). Representative
immunofluorescence showing large clusters of a-SMA " myofibroblasts in animals
receiving (E) PBS liposomes relative to those receiving (F) clodronate liposomes. (40x).

Data is expressed as the mean + SEM.
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Figure 5.5 - Non-classical M® promote fibroblast activation and collagen production in
vitro. BMDMG® and 3713 fibroblasts were cultured in monoculture and co-culture at equal
ratio. Macrophage and fibroblast monocultures and co-culture were characterized using
light microscopy (A, B, C, respectively) (10x) and immunofluorescence for F4/80 (red),
collagen type-I (white), and o-SMA+ (green) (D, E, F, respectively) (63x). (G) Mono-
culture purity was quantified from immunofluorescence (n=6). (D) BMM®6 were further
characterized for (H) CD11b and (I) Ly6C using flow cytometry. Quantification of co-
culture expression demonstrated that non-classical M® promote both fibroblast
activation as indicated by (J) a-SMA+ and (K) collagen production relative to
monocultures (*p<0.05, n=4-6). Data is expressed as the mean £ SEM.
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Figure 5.6 - Non-classical macrophage inhibition exacerbates myocardial infiltration
and fibrosis following Angll infusion. Representative heart sections from Angll infused
WT (A, B, C) and CX;CRI”" mice (D, E, F) animals stained with H&E, SR/FG, and
CD206, respectively (20x). Semi-quantification of (G) infiltrate and (H) fibrosis.
(**¥p<0.001). Saline CX;CRI"" and WT mice were unremarkable. Data is expressed as
the mean + SEM.
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Figure 5.7 - Resident and infiltrating M® in CX3CR1-/- myocardia favour a pro-
inflammatory phenotype and environment. Representative flow cytometry for F4/80,
CD11b, and Ly6C in saline-infused (A) WT and (B) CX;CR1 " myocardia and Angll-
exposed (C) WT and (D) CX;CRI " myocardia. Resident or mature M® are on the left
side of dot plots and infiltrating or early M@ are on the right side of dot plots. MFI of
Ly6C in (E) resident and (F) infiltrating cardiac M® from both CX;CRI™" and WT mice.
Infiltrating M® could only be characterized in animals receiving Angll. (***p<0.001).
Myocardial transcript levels of (G) IL-1B, (H) TNF-o, (I) TGF-B, and (J) CTGF
(*p<0.05; **p<0.01; ***p<0.001). Data is expressed as the mean £ SEM.
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Supplementary Figure 5.1 - Representative Gating Strategy For Characterizing M® in
the Heart. (A) Flow cytometry dot plot for forward scatter (FSC) and side scatter (SSC)
to exclude debris. (B) FSC x SSC gate applied to F4/80 x CD11b dot plot and the gate
used to include M® (F4/80") and concurrently exclude neutrophils (F4/80). (C) F4/80"
gate applied to CDI11b x Ly6C dot plot, in which M® can be differentiated by their
expression of CD11b: resident or mature M® are CDI11b"" and infiltrating or immature
M® are CD11b"". The Ly6C expression of these macrophage populations can be
visualized in the dot plot above or by applying the gates in C to Ly6C histograms (D, E).
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5.5 Discussion
M® are experiencing a renaissance in research, largely in part to the recent

263,305,306 .o
=227 MO function is now

discoveries of their phenotypic and functional heterogeneity
known to span from pro-inflammatory to anti-inflammatory to pro-angiogenic to pro-
fibrotic, which together serve an essential role in tissue healing, particularly in the

L74:159,186,263.306 308 1¢ 5 suggested that the role of M® in

context of the myocardium
ischemic injury is characterized by a biphasic response, in which early classical M® drive
the inflammatory phase and non-classical M® resolve the inflammation and promote

"13% The role of M® in non-ischemic models such hypertension secondary to

remodelling
Angll infusion is less clear. In the well-established AnglI-dependent model of
hypertension, we and others have demonstrated an absence of tissue necrosis and
associated polymorphonuclear cell infiltrates, suggesting that this model may not require

7.68,71.271029% We have also characterized that early

the mass influx of classical M®
myocardial infiltration in AnglI-exposed hearts is largely unaffected in CCR2”" mice,
suggesting redundancy in chemokines or implicating CX3CR1-dependent non-classical
M recruitment’'. Despite this body of evidence it remained to be demonstrated whether
M® were mediating the cellular changes observed in the myocardium and the ECM
remodelling following Angll infusion. Here, we characterized the role of infiltrating M®
via liposomal clodronate depletion and then characterized the contribution of CX3CR1-
dependent non-classical recruitment using a CX3CR17" mice'**?73%31,

As previously shown, a dramatic influx of mononuclear cells, precedes the

47,270121

development of myocardial fibrosis during Angll infusion . Here, we

characterized the infiltrating cells as predominantly M® with further characterization
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based on Ly6C expression. We were able to demonstrate an overall trend toward Ly6C'"
expression and CD206 positivity, consistent with non-classical M® as the predominant
phenotype of the accumulating cells within the myocardium'’*'>*. A similar mass influx
of non-classical M® has been observed in ischemic myocardial injury, as well as non-

ischemic models of lung, liver, and kidney injury, thus supporting our findings>"***

390311 ‘Non-classical M® are generally associated with the production of pro-fibrotic
factors and the fibrotic phase of healing'>**'?. Given the presence of non-classical M® in
the Angll-exposed myocardium and their pro-fibrotic role, it followed that the non-
classical M® would be the key candidate cells capable to mediate and promote the
observed myocardial fibrosis.

In our initial approach, we used IV clodronate liposomes to successfully deplete

the majority of circulating monocytes, as has been previously described'®>***

. Monocyte
depletion resulted in a significant reduction of M® in the heart following AnglI infusion,
which also resulted in significant reduction in myocardial fibrosis. Furthermore, the
reduction in infiltration and fibrosis was independent of blood pressure. Other
compensatory mechanisms observed with AnglI infusion such as hypertrophy were not
affected by M® depletion or the reduction in myocardial fibrosis. As such, other
structural compensatory mechanisms may be sufficient to overcome the increased stress
on the myocardium without the need for ECM fibrotic stabilization. This is in stark
contrast to ischemic myocardial injury that requires early classical M® to remove
necrotic tissue to progress to neovascularization and normal remodelling. In the absence
of this classical M® response, the myocardium becomes structurally unstable and is

59,154,313,314

associated with increased mortality . Non-classical M® infiltrate then ensues to

115



sufficiently replace lost tissue with ECM deposition (replacement fibrosis) — a hallmark
of myocardial fibrosis'>**">. As shown in our model, there is a robust infiltration of
Ly6C"" M® following AngllI infusion, but the overwhelming phenotype in the heart is
Ly6C'", which corresponded to a non-classical resident population. We have also
identified the presence of a non-classical resident M® population in the heart of control
animals prior to Angll exposure supporting recent findings by Pinto et al regarding a
significant resident M® population being present in the myocardium'®’. Furthermore, this
resident population expresses CX3CR1 and exhibits non-classical, anti-inflammatory
characteristics, but its exact contribution to the infiltrating population is unclear and
beyond the scope of the present study'”’. We suspect that liposomal depletion prevented
the accumulation of infiltrating M®, but may have left the resident population intact. Our
findings suggest that the infiltrating population, expressing a Ly6C"¢" phenotype, may be
promoting inflammation, which is then counter-balanced by the resident Ly6C'*"
population.

Surprisingly, we observed a significant increase in cardiac transcript of TGF-3
following clodronate liposome treatment. We acknowledge that TGF-3 is commonly
associated with fibrotic conditions; however, the pleiotropic growth factor has also been
shown to have potent anti-inflammatory effects in the myocardium®"® Specifically, TGF-
B has deactivating properties that can prevent M®-mediated pro-inflammatory injury’'®.
Moreover, there have been no studies examining the specific contribution of tCM® to
TGF-p signalling. While we did not investigate the mechanism by which TGF-3 may
reduce myocardial fibrosis in our model, future work could take into consideration M®

deactivation, particularly in the context of downstream signalling. The pleotropic effects
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of TGF-B may be underlying our observations from the M®-fibroblast co-culture. There
is evidence to suggest that IL-6 mediates fibroblast activation and collagen production via
TGF-p pathways'*'. Although the combination of IL-6 and TGF-B signalling may
promote a fibrotic response, a reduction of inflammatory IL-6 signalling, as may be the
case following the depletion of infiltrating monocytes, may elicit an alternative, anti-
inflammatory response. Ideally, one would examine the interactions between different
M® activation states with fibroblasts; however, this is a shortcoming of BMDM®, which
inevitably acquire a Ly6C'" phenotype in the absence of exogenous signalling and
suggests that our findings need to be interpreted with these caveats. Thus, in the absence
of the infiltrating M®, the resident population may confer some protection for the
myocardium from hypertensive or inflammatory changes normally seen after Angll
exposure.

Despite our important findings that monocyte depletion leads to obvious benefits
with regard to myocardial cellular infiltration and remodelling, it would be of little
therapeutic value due to the systemic immunosuppressive effects. However, eventual
refinement in techniques using liposomes may provide novel yet to be described
opportunities to target specific monocyte subsets or influence their phenotype 7. As
such, liposomes could be used to modulate monocyte phenotype and function toward the
anti-inflammatory, non-classical phenotypic to reduce remodelling in the myocardium
while maintaining immunocompetence and myocardial stability. Harel-Adar et al
provided one such method by which M® phagocytosis of phosphatidylserine presenting
liposomes promoted the CD206", anti-inflammatory M® phenotype'*’. Shifting the M®

phenotype toward the Ly6C"" CD206", as observed in Angll/WT myocardia, was
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sufficient to down-regulate pro-inflammatory cytokines such as TNF-o and increase anti-
inflammatory mediators such as TGF-B. This approach to shifting M® phenotype has
been shown to protect the myocardium following ischemic injury but has yet to be
explored in non-ischemic models of myocardial fibrosis.

Given the above findings, we aimed to specifically inhibit non-classical M®
recruitment during Angll infusion by using a chemokine receptor knockout for CX3CR1
— the predominant chemokine receptor expressed by non-classical circulating monocytes.
Recent evidence in skin, liver, and kidney suggests that CX3CR1”" mice may display
reduced fibrosis and thus, CX3CR1-dependent M® recruitment could represent a
therapeutic opportunity for fibrosis and remodelling'**"****'° Contrasting reports in a
liver model suggested that impaired non-classical M® recruitment exacerbated
inflammation and consequently remodelling”’. Consistent with the liver model, we have
demonstrated that by inhibiting the recruitment of non-classical M®, there is a shift
toward a pro-inflammatory M® phenotype and environment in the heart, which resulted
in worse myocardial cellular changes and remodelling. These findings could also be
interpreted to suggest that non-classical M® play an important regulatory role and are
protective in maintaining ECM homeostasis. Furthermore, recent studies on rCM® using
GFP under the CX3CR1 promoter support that our findings are specific to the M®, as
fibroblasts, endothelial cells, and cardiomyocytes were all negative'”’.

One needs to be cautious of oversimplification when trying to understand the
differing roles of M® subsets. Although the infiltrating M® populations are obviously
important in cardiac injury and remodelling, one needs to take into consideration resident

M®, which we have been able to identify in this study, but their exact role remains
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largely unknown. Our findings are consistent with the resident M® population, described
by Pinto et al, based on their expression of CX3CR1, and an anti-inflammatory
phenotype'”’. We have demonstrated for the first time that the resident M® population
can shift phenotype in the absence of CX3CRI1 signalling — something yet to be reported
and perhaps important to our observations in which CX3 CR1""animals had a shift in
resident M® towards Ly6C"" potentially making them more susceptible to AngII
exposure. Although recent findings indicate that cardiac M® are largely replenished from
self-renewal, one cannot rule out that their initial recruitment is CX3CR 1-dependent®">".
One also cannot rule out that CX3CR1 may be involved in M® survival, as has been

I*'®. Our observations may be dependent on a rCM®

suggested by Landsman et a
population that would be unaffected by IV liposomal clodronate, but modulated in the
CX3CR1" mice. As the *CM® population can be affected phenotypically and perhaps
functionally by either modulated turnover or survival, they may still represent a valuable
therapeutic target.

In summary, monocyte-derived M® are the primary infiltrating cell in the early
development of Angll-dependent myocardial fibrosis. For the first time, we have
demonstrated that depleting circulating monocytes prevents the accumulation of
myocardial M® in non-ischemic injury. In the absence of the M® influx, there is a
marked reduction in cells expressing an activated fibroblast phenotype and a reduction in
collagen deposition. Notably, we have demonstrated that the resident M® population in
the heart can shift its phenotype and may be an important modulator of myocardial

healing. Together, infiltrating and resident M® may be potential therapeutic targets in the

development of non-ischemic myocardial fibrosis. Future studies should examine
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whether modulating the phenotype of cardiac M®, rather than depleting all circulating
monocytes, can lead to clinically important reductions in myocardial fibrosis, while

maintaining immune-competence.
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CHAPTER 6 IMPLICATIONS FOR THE ROLE OF
MACROPHAGES IN A MODEL OF MYOCARDIAL FIBROSIS:
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6.1 Introduction
M® are important mediators in tissue development, homeostasis, and disease
progression' . As resident M® localize to different tissues during embryonic

176,247,319,320 :
76247319320 These tissue/organ-

development, they acquire tissue/organ-specific functions
specific M@ are now known to exhibit distinct functions and phenotypes in tissues
including the central nervous system, liver, spleen, lungs, peritoneum, skin, and
myocardium. This is particularly important in tissues like myocardium, in which the

132

ability to regenerate tissue after injury is assumed to be minimal™*". Moreover, circulation

can contribute to tissue M® populations in function-specific manors, such that monocyte-
derived M® can promote, resolve, or regulate inflammation'©'>*,

Until recently, cardiac M® were thought to be exclusively derived from
circulating monocytes during injurious stimuli'®’. This was supported by extensive
research in different cardiac models, including Angll infusion and myocardial infarction,
in which M® influx the heart from circulating monocytes’>'*"'*>'% Using a GFP-linked
CX3CRI, Pinto et al. demonstrated a CX3CR1" M® population in the adult murine
myocardium that persisted at baseline and was distinct from bone marrow derived
monocytes °’. This observation has generated a resurgence in cardiac M® research that
has focused on their phenotype, function, turnover, and etiology’>'******%_ As our
understanding of M® evolves, researchers have been increasingly able to separate the
MO into a broad phenotypic spectra'®’. Notably, M® could be differentiated by their
expression of the chemokine receptors CCR2 and CX3CR1""**, The classical M®

phenotype expressed high levels of CCR2 and low CX3CR1. Conversely, the non-

classical M® phenotype was either CCR2 low or negative and expressed high levels of
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CX3CRI1. The non-classical population was associated with a mature phenotype,
typically observed in both late-infiltrating phases and resident populations'>*"".

rCM® have since been separated into at least 4 distinct populations that can be
distinguished based on their expression of markers including CX3CR1, MHC class II,
Ly6C, CD11b, CD64, CDl1c, and CD206"*137-248:230 \olawi et al. have classified the
populations into (1) CX3CRI'MHC IT, (2) CX3CR1I'MHC I, (3) CX3CR1"MHC IT,
and (4) CX3CR1"MHC II", which we have also characterized by CX3CR1, CCR2,
CD11b, and Ly6C. RCM® originate during embryonic development as CX3CR1 MHC’
cells. Notably, these embryonic-derived rCM® can confer protection against and favor
resolution of injury by promoting cardiac regeneration and preventing remodeling*****.
While still under debate, rCM® appear to be replenished primarily from circulating
CCR2" monocytes that express CX3CR1 and MHC class IT*°. Despite extensive work to
characterize rCM® phenotypes, the functions of these different populations remain
poorly characterized, particularly in models of disease.

It is known that animals lacking CCR2 exhibit impaired ability to turnover rtCM®
from circulating monocytes*". Moreover, work in our laboratory using CCR2” mice
suggested that these animals were partially protected from Angll-mediated inflammation
and fibrosis’"”>. When we first described the benefits of CCR2-/- deficiency, we did not
appreciate or explore the role of this genetic defect on rCM®. Notably, early M®
infiltrate did not significantly differ from WT mice and the underlying mechanism(s) for
the benefits in CCR2”" mice remained unclear. Given the close relationship between M®

activation and cardiac healing, comparing baseline rCM® populations between CCR2™"

and WT mice warrants investigation.
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In order to elucidate the role of CCR2 on rCM® phenotype, we compared myocardial
tissue and rCM® from CCR2” mice relative to WT controls. When we discovered that
CCR2™" displayed a significant shift in rCM® Ly6C expression relative to WT, we
investigated the functional significance of such a shift in terms of M® phenotype and

how this would influence fibroblast activation and thus, fibrotic remodeling.

6.2 Results

6.2.1 No baseline structural differences in myocardium between WT and CCR2™
animals

We first investigated whether gross histological differences existed between
CCR2” and WT mice at baseline. In order to evaluate baseline histology, 8-10wk (age-
matched) CCR2”" and WT mice were sacrificed and their hearts were characterized using
H&E and SR/FG. Consistent with previous work from our laboratory, WT hearts did not
contain observable areas of mononuclear cell accumulation (Fig. 6.1A). Similarly, CCR2"
" hearts were also void of mononuclear cell accumulation (Fig. 6.1B). Predictably, WT
and CCR2”" hearts did not contain the excess interstitial and perivascular collagen that is
normally associated with disease models infusion (Fig. 6.1C and D, respectively).

Quantification of cellular infiltration using representative histology sections
confirmed that there were no significant differences in mononuclear cell accumulation
between CCR2”" and WT animals (Fig. 6.2A; 0.3% =+ 0.3 relative to 0.4% + 0.4) or
collagen deposition (Fig. 6.2C; 3.7% + 1.0 relative to 2.1% + 1.3) between CCR2”" and
WT hearts. As demonstrated by others rtCM® are very difficult to identify by routine
histology and are best characterized by cell isolation and purification. Using a

standardized and well-established technique we proceeded to isolate and purify
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mononuclear cell population from the heart of WT and CCR2"" animals. This
quantification of mononuclear cells isolated from WT and CCR2™ hearts was performed
prior to flow cytometric characterization. Consistent with visual analysis, the number of
purified mononuclear cells isolated between WT and CCR2”" mice did not significantly
differ (Fig. 6.2B) — [(3.3 £ 0.6 vs. 2.8 + 0.6) x 10°, respectively]. Structural comparison
of the hearts by heart weight:body weight ratio further confirmed that WT and CCR2™"
hearts do not significantly differ in hypertrophy score (Fig. 6.3D).

Together, these results suggest that there are no observable gross cellular or
histological differences between WT and CCR2™" hearts at baseline. As such, we next
explored whether inherent differences were present in the baseline cardiac M®
populations between WT and CCR2”" mice. Specifically, we were interested in

identifying if differences in rCM® existed between WT and CCR2™ animals.

6.2.2 CCR2”" rCM® exhibit and M2 shift in phenotype

In order to better examine potential cardiac differences at the cellular level, tCM®
were isolated from the CCR2”" and WT myocardia and processed for flow cytometry. In
the cell isolate, TCM® were characterized for their expression of M® markers (i.e.
CDI11b, CCR2, and CX3CR1) and activation markers (i.e. Ly6C, TNF-a, and IL-10).
Total rCM® were selected based on their expression of CX3CRI1 as previously described,
which did not significantly differ between WT and CCR2”" (Fig. 6.3A and C,
respectively). Within the CX3CR1 gated populations, however, there is a prominent
CDI11b"" Ly6C"e" population in the WT myocardium (Fig. 6.3B) that is absent in the

CCR2”" myocardium (Fig. 6.3D). Moreover, when gated on, the CD11b"" Ly6C"€"
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population also expresses CCR2 (Fig. 6.3E; representative histogram of n=4). Thus, WT
and CCR2”" myocardia significantly differ in their baseline populations of M®, as
characterized by their expression of CX3CR1, CD11b, and Ly6C.

Since Pinto’s definitive characterization of a rCM® population in the heart, a
growing body of literature supports that rCM® are not a uniform population, but rather
phenotypically and functionally distinct populations. rCM® populations are, however,
linked by their expression of CX3CR1°*®, which provided an initial gate for excluding
non-rCM®. We then assessed the frequency of CX3CR1+ populations based on their
varied expression of CD11b and Ly6, which are markers of maturity and may reflect
functional divergence. Largely, the M® populations did not significantly differ between
WT and CCR2”" mice (Table 6.1). Consistent with the appearance of the CD11b x Ly6C
dotplot, the only group that exhibited a significant change was the CD11b" Ly6C"" gate
(Fig. 6.3F). CD11b"" Ly6C ™" cells represented 2.2 = 0.3% and 0.8 + 0.2% of myocardial
CX3CR1" cells in WT and CCR2™ mice, respectively — a 2.75-fold increase in WT over
CCR2™". Thus, there are distinct differences between WT and CCR2” rCM® populations
at baseline.

While Ly6C is an indicator of M® phenotype, it does not necessarily correlate to
function. As such, we next analyzed the expression of 2 functional markers of opposing
M® polarities: inflammatory TNF-o and anti-inflammatory IL-10. The classical M®
phenotype, which expresses higher levels of Ly6C, is typically associated with a pro-
inflammatory functional state. In contrast, the non-classical M® phenotype expresses
lower levels of Ly6C and is instead associated with an anti-inflammatory, pro-fibrotic,

and/or pro-angiogenic functional state(s).
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Intracellular flow cytometry was used to characterize the expression of the cytokines.
rCM® populations were again defined as CX3CR1+ cells isolated from the myocardium.
We then separated the populations based on their expression of CD11b into CD1 16"
and CD11b™¢" gates. The representative contour plots for WT (Fig. 6.4A) and CCR27"
(Fig. 6.4B), reveal a leftward shift toward lower TNF-a expression. Reflective of baseline
differences, CD11b™" rCM® — often considered the predominant resident population —
did significantly differ in its expression of TNF-o. (Fig. 6.4C; *p<0.05). WT CD11b""
rCM® displayed higher TNF-a relative to the CD11b"" population in CCR2”", as
measured by MFI. Interestingly, the CD11b™¢" population did not differ in TNF-a
expression between WT and CCR2™, despite the WT CD11b™¢" group containing the
Ly6C"" population described above (Fig. 6.5D). Similarly, an inverse trend — increased
IL-10 expression — is observable in the representative contour plots for WT (Fig. 6.5A)
and CCR2™" (Fig. 6.5B) rCM®. In contrast to TNF- o expression, CCR2” rCM® in both
(Fig. 6.5C) CD11b"" and (Fig. 6.5D) CD11b"€" populations trended toward increased
IL-10 expression, which reached significance in the former population (*p<0.05).

While significant findings were limited to the CD11b"" population for both TNF-
o and IL-10, the data suggests that CCR2” rCM® favor a lesser pro-inflammatory and
stronger anti-inflammatory phenotype than their WT counterpart. This novel observation
now offers some insight into potential mechanisms by which rCM® can influence the

myocardial inflammatory response and in turn fibrosis.

6.2.3 Classical M® increase fibroblast activation in vitro
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In previous work, we demonstrated a difference in the Angll-mediated
myocardial fibrotic responses between CCR2"" and WT mice, with the former exhibiting
reduced fibrosis. In addition, we had also shown that early mononuclear infiltration does
not significantly differ in the Angll response, suggesting potential baseline differences
could account for the differences in fibrosis. In this manuscript, we have supported that
theory by showing significant differences in CCR2" and WT rCM® populations at
baseline; CCR2”" and WT rCM® exhibit an inverse trend in their expression of TNF-a
and IL-10 that may favour a more protective phenotype in CCR2" mice. To support our
findings, we used an in vitro co-culture system designed to evaluate fibroblast activation
in the presence of different M® phenotypes. The purpose of this experiment was to focus
on how shifts in M® phenotypes (identified in vivo) influence fibroblast function and
phenotype, rather than looking at direct connections with CCR2 signaling. As such, we
opted to use differentiated WT M® in the fibroblast co-culture.

Bone marrow-derived M® were grown in culture to represent 3 different
phenotypes as previously described: (1) non-induced M@, (2) classical M® using IFN-y
and LPS, and (3) non-classical M® using IL-4 — and all groups were then co-cultured
with 3T3 fibroblasts for 24hrs***. Induced M® populations were characterized for their
expression of CD11b, CD206, Ly6C, F4/80, IL-10 and TNF-a (Fig. 6.1S). Generally,
classically induced M® exhibited dichotomous CD11b expression, increased Ly6C and
TNF-a expression and reduced CD206 and IL-10 expression. In contrast, non-classically
induced M® exhibited uniform CD11b expression, reduced Ly6C and TNF-a expression
and increased CD206 and IL-10 expression. F4/80 expression remained consistent across

groups.
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Mono- and co-cultured fibroblasts were labeled for Col-1 as indicators of
fibroblast phenotype and (Fig. 6.6A-C) aSMA or (Fig. 6.6D-F) KI-67 to demonstrate
their activation and proliferation, respectively. Representative micrographs demonstrate
the co-localization (yellow) of Col-1 (red) and aSMA (green) and the co-localization
(pink) of Hoechst (blue) and KI-67 (red) on Col-1" (green) cells. While Col-1 expression
did not significantly differ between any groups (Fig. 6.6G), fibroblasts co-cultured with
M1 M® exhibited significantly greateraSMA expression, as measured by fluorescence
emission (Fig. 6.6H, *p<0.05).

In contrast to the aSMA findings, M2 M® were the only subset to significantly
increase fibroblast proliferation relative to fibroblast monocultures (Fig. 6.61;
*#%p<(0.001). In monocultures, 17.9 + 1.9% of fibroblasts, characterized by co-
localization of Col-1 and KI-67, were undergoing proliferation. M@+ Fibroblasts and M1
+ Fibroblasts exhibited similar levels of proliferation at 28.95 + 2.9% and 29.2 + 1.9% of
KI-67" fibroblasts, respectively. In contrast, M2+Fibroblasts exhibited 40.2 + 4.4% of
fibroblasts undergoing proliferation — a 2.25-fold increase over the fibroblast
monocultures. Thus, while M1 M® are able to promote fibroblast activation, M2 M® are

able to promote fibroblast proliferation.

6.2.4  Results Summary

The findings of this manuscript are summarized below in Table 2. In brief, we
observed an increase in Ly6C expression in WT relative to CCR2” mice. This increase is
likely attributable to the presence of a CD11b" Ly6C"" population that was absent in

CCR2™". In addition, the increased Ly6C expression in WT relative to CCR2” mice was
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associated with an increase in rCM® TNF-a. Overall, this is representative of a shift in
rCM® toward the M1 phenotype relative to CCR2”" and the M1 phenotype was shown to
favour fibroblast activation in vitro.

Conversely, CCR2”" mice displayed a reduction in rCM® Ly6C expression
relative to WT mice. This decrease was associated with increased IL-10 and a shift
toward the M2 phenotype. Lastly, the M2 phenotype was shown to promote fibroblast

proliferation in vitro.
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6.3 Tables

Table 6.1 - Quantification of rCM® phenotypes. Populations were separated based on
their expression of CD11b — an indicator of phenotypic immaturity. Of the CD11b high
rCM®, CCR2”" exhibited a significantly lesser CD11b high Ly6C high population
relative to their WT counterpart (n=4-6; ***p<0.001).

CDI11bt+ CDI11b++
Ly6C- Ly6C+ Ly6C++ Ly6C- Ly6C+ Ly6C++
22+
WT 229+14 | 143+12 | 40£0.7 | 172+2.6 | 102+1.0

CCR2-/- | 23.0+0.8 | 140+13 | 52+1.0 | 133+14 | 102+1.1 0.8+£0.2
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Table 6.2 - Summary of findings. This table represents a summary of our findings in this
manuscript.

How rCM®

TNF-a 1L-10 rC}ll\{IfiI) shift affects

st fibroblasts

WT 1 ] l M1 Activation
CCR2-/- | l ] M2 Proliferation
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6.4 Figures

Baseline

H&E SR

WT

CCR2-/-

Figure 6.1 — Baseline myocardia were assessed for gross histology. Representative H&E
stained baseline myocardial sections from (A) WT and (B) CCR2-/- mice. Representative

SR/FG stained baseline myocardial sections from (C) WT and (D) CCR2-/- mice. (n=6-8)
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Figure 6.2 - Baseline myocardia were characterized for gross differences. (A)
Myocardial M® accumulation was assessed using H&E sections from each group. (B) In
support of the histology findings, hearts were mechanically and enzymatically digested
and the isolated leukocytes were counted and compared between groups. (C) Collagen
content, as quantified in SR/FG stained myocardial sections, did not significantly differ
between WT and CCR2-/- mice. (D) Myocardia were weighed at the time of harvest to
generate a hypertrophy score, which did not significantly differ between WT and CCR2-/-
myocardia (n=6-8).
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Figure 6.3 - Flow cytometric characterization of isolated myocardial leukocytes labeled
with CX3CRI1, Ly6C and CD11b. (A) CX3CRI+ cells, consistent with a M® phenotype,
were selectively gated on in order to encompass the entirety of the myocardium’s M®
population. (B) Further characterization by Ly6C and CD11b identified a population of
CDI11b++ Ly6C++ cells that were absent in CCR2-/- myocardia. (C) A CX3CRI+
population in CCR2-/- myocardia indicated the preservation of an rCM® population. (D)
Further characterization, we were able to observe all but one rCM® population (i.e.
CDI11b++ Ly6C++) in CCR2-/-. This population was also CCR2+ and the only
population that significantly differed in percentage between CCR2”" and WT mice. (n=4-
6).
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Figure 6.4 - Individual rCM® populations characterized for their expression of TNF-a.
Representative flow cytometry for TNF-a expression in CX3CRI+ cells in (A) WT and
(B) CCR2-/- myocardia. Gates were applied to CD11b low and high populations for
quantitative analysis. TNF-a MFI in CD11b (C) low and (D) high rCM®. (n=4-6;
*p<0.05).
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Figure 6.5 - Individual rCM® populations characterized for their expression of IL-10.
Representative flow cytometry for IL-10 expression in CX3CRI1+ cells in (A) WT and (B)
CCR2-/- myocardia. Gates were applied to CD11b low and high populations for
quantitative analysis. IL-10 MFI in CD11b (C) low and (D) high rCM®. (n=4-6;
*p<0.05).
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Figure 6.6 - M1 M® encourage myofibroblast differentiation, while M2 M® favour
fibroblast proliferation. Representative fields of view stained for Collagen type I, aSMA,
and DAPI are shown for the different M® co-cultures: (A) undifferentiated M® +
fibroblasts, (B) MI-differentiated M® + fibroblasts, and (C) M2-differentiated M® +
fibroblasts. Similarly, Representative fields of view stained for Collagen type I, KI-67,
and DAPI are shown for the co-cultures: (D) undifferentiated M® + fibroblasts, (E) MI-
differentiated M® + fibroblasts, and (F) M2-differentiated M® + fibroblasts.
Quantification of the (G) collagen type-1, (H) aSMA, and (I) KI-67 are shown below the
representative immunofluorescence. Fibroblast monocultures served as controls (images
not shown; n=4-6, *p<0.05, ***p<0.001).
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Figure 6.7 - A schematic of how rCM® turnover and contribution of M1 vs. M2 could be
influenced in (4) WT, (B) CCR2-/-, and (C) CX3CRI-/- mice. (A) In WT mice, it is known
that classical monocytes recruitment and local proliferation contribute to the CCR2"
portion of rCM®. There is evidence that CX3CRI" cells undergo proliferation to
replenish the CX3CRI" portion of rCM®. It is also possible that this population is
partially replenished from non-classical monocytes, but this has yet to be shown. (B) In
contrast, we hypothesize that CCR2”" exhibit impaired recruitment of classical
monocytes, thus providing a mechanism by which the CCR2" M1 population would
contract relative to CX3CR1" M2 rCM®. (C) As a complement to the CCR2 data, we
have previously shown that CX3CRI”" mice exhibit an increased CCR2" rCM®
population. As such, we hypothesize that the normally CX3CR1"™ M2 population contracts
in CX3CRI™", thus increasing the proportion of M1 to M2 rCM® relative to rCM® in WT
and CCR2” mice. (Symbols: - indicates inhibition of a pathway and + indicates
enhancement of a pathway)
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Supplementary Figure 6.1 - Representative flow cytometry for Macrophage cultures post-
differentiation. Shown are SSC x ‘marker of interest’ in the different culture conditions
and the calculated MFI for said markers.

140



6.5 Discussion
A growing body of literature has expanded our understanding of M® population

72,174,176,247,249,250,319

composition, diversity, and activation . We now know and must

consider how the complex activation, recruitment, and etiology of M® in the heart

72,154,248,250

influences tissue development, homeostasis, and disease . Recently, our

laboratory demonstrated that rtCM® do not necessarily maintain a constant phenotype and
that their phenotype can be associated with differences in the expression of CX3CR17%,
Moreover, we also previously demonstrated that CCR2”" mice are in part protected from
Angll-mediated cardiac fibrosis in a process that is not dependent on early infiltrating
M®"". In the current manuscript, we built upon that observation by investigating rCM®
phenotypes in the context of CCR2” mice.

There is no debate that M® can influence fibroblast function; however, the
association is likely only partially responsible for the observed differences in cardiac
fibrosis between CCR2”"and WT mice®'®*%. In the current manuscript, we assessed the
baseline non-myocyte cell count, the myocardial collagen content, and the hypertrophy to
determine whether there were gross myocardial differences prior to initiating AngllI
infusion. The lack of gross differences at baseline suggests that any inherent differences
in *CM® between CCR2”" and WT mice do not significantly affect normal cardiac
function and development. Important in the context of this manuscript is whether
potential underlying cellular differences between CCR2” and WT mice, not obvious at
baseline, could affect cardiac healing.

Anti-inflammatory/pro-healing CX3CR1" rCM® are initially derived from

embryonic and fetal M® populations, but are progressively replaced with age from
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circulating monocytes in a process largely dependent on CCL2-CCR2"***%2 Ip
addition, baseline CCR2" rCM® exhibit upregulated genes involved with inflammasome
activation and become important contributors of pro-inflammatory IL-1f in the Angll
model of myocardial fibrosis. As such, the contribution of the CCR2" rCM® could
change how the heart responds to stressors' . In support of this process, we identified a
CCR2'CD11b™"Ly6C"" M® population in WT hearts that was absent in CCR2”" hearts.
This is particularly interesting in the context of recent observations in CX3CRI1™ mice: at
baseline, CX3CR 1" mice show a greater contribution of CCR2"CD11b"¢"Ly6C"¢" to
their rCM® relative to WT controls. Moreover, CX3CR17 mice exhibited exacerbated
inflammation and fibrosis during AnglI infusion. The process by which this occurs is
summarized in a diagram representing the theoretical contribution of M1 and M2 M® to
the total rCM® population (Fig. 6.7; WT values adapted from Molawi et al.)'®. Together,
this supports the premise that at the onset of stressors, CCR2”" mice may be partially
protected from inflammation while CX3CR1"~ mice may be predisposed to inflammation.
In turn, the corresponding chemokines, CCL2 and CX3CL1, likely have competing roles
in preserving and replacing the anti-inflammatory rCM® population, respectively.

In order to provide a mechanistic link between M® phenotype/activation and
myocardial fibrosis, we studied a co-culture system in which differently activated bone
marrow-derived M® were incubated with fibroblasts in vitro. While we acknowledge that
isolated rCM® would have provided a better representation of the in vivo interactions
with fibroblasts, rTCM® cannot realistically be isolated in sufficient quantities to perform
such an experiment. As such, bone marrow-derived M® were chosen as an appropriate

analog. Consistent with previous findings, M® were able to stimulate fibroblast
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activation into myofibroblasts’**>. A growing body of research suggests that
inflammation can promote fibroblast activation through processes that involve TNF-a.,

216,324
~*", Moreover, when M® are co-

fibroblast activation protein, and IL-6 signaling
cultured with fibroblasts, their interactions promote feedback loops that favour a pro-
fibrotic response. Notably, M® production of TNF-a directly promotes fibroblast
proliferation, as well as other pro-inflammatory cytokine production. In addition, pro-
fibrotic fibroblasts also produce TNF-a.. Thus, even in the co-culture system these
interactions are not one directional, but rather a cohesive response to promote fibrosis
during inflammation. This may serve a protective role for replacing tissue lost during
early inflammatory processes. At the same time, this reparative process can become
corrupted in chronic inflammation, leading to normal tissue being degraded and replaced
with scar tissue®>. In our co-culture, we observed pro-inflammatory M1 M® increasing
fibroblast activation, as demonstrated by increased aSMA expression. Interestingly, M2
M® — not M1 M® — promoted fibroblast proliferation, suggesting that the biphasic M®
response observed in cardiac healing is much more complex than a single cell type.
Moreover, it suggests that the healing/reparative response traditionally associated with
the M2 phenotype may (i) begin with the M1 phenotype and (ii) have fibroblasts bridging
the gap in the biphasic response. Thus, inflammation may serve as a precursor to fibrosis
through fibroblast activation, which is temporally followed by fibroblast proliferation
during the reparative phase.

Together, our findings support the importance of rCM® in fibroblast function and
in turn, cardiac healing. Specifically, we have provided additional support for how

changes in rTCM® phenotype and/or activation can influence cardiac healing through the
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susceptibility to inflammation and the subsequent fibrotic response. Future studies could
examine how systemic changes in inflammation, such as that which occurs with obesity
or metabolic syndrome, alter rCM® phenotype and/or activation and in turn, also
susceptibility to cardiac injury. We have also provided a novel mechanism by which
CCR2”" mice may be protected from stressors such as AnglI-mediated myocardial
fibrosis. While previous data still supports the role of reduced proliferation in the
protecting CCR2”" mice from myocardial fibrosis, our novel findings support the link
between M® and fibroblasts in this process. Notably, M® phenotype may be linked to a
biphasic fibroblast response (i.e. activation followed by proliferation). Lastly, in concert
with our previous findings, we have raised the question of whether CCR2 and CX3CR1
may have competing roles in the replacement, preservation, and/or survival of rCM®.
This manuscript paves the way for future studies to explore the seemingly opposing roles
of the chemokine receptors CCR2 and CX3CR1 in rCM® homeostasis and how this

balance impacts the development of myocardial fibrosis.
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CHAPTER 7 DISCUSSION

In this thesis, I have presented my work on characterizing the phenotype and
function of M® in the heart during both steady-state and Angll-dependent

hypertension’""?

. The overarching aim was to understand and potentially characterize
therapeutic strategies against aberrant fibrotic processes that can lead to cardiac
dysfunction and culminate in heart failure. In many respects, what I set out to accomplish
at the beginning of my degree is vastly different from that which I actually accomplished.
When I began this degree, my specific aims related to the migration of a contested cell
type — the fibrocyte — and a progenitor cell chemokine — CXCL12. And as I arrive at the
end of my degree, I find myself studying another ‘novel’ cell type — rtCM® — and
characterizing their phenotype at baseline in various knockout animals. In this discussion,
I will elaborate on (i) my cumulative contributions in the context of literature, (ii) the

future direction of the field, (iii) the clinical context of my work, and (iv) some closing

comments.

7.1 My contributions in the context of literature

In retracing the last 5 or so years of my life, my work began with a detour into the
realm of fibrocytes, which was spurred on by confusion in the literature. At times, my
attitude toward my first manuscript may come off as self-deprecating, but that is
reflective of my initial hypothesis being wildly incorrect: blocking CXCR4 would
prevent the recruitment of fibrocytes to the myocardium and in turn, reduce myocardial
fibrosis in the Angll model. That being said, if we designed hypotheses based on known

outcomes, then research would go in circles and we would make no progress.
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To refresh your memory, fibrocytes are cells that express markers of
mesenchymal and hematopoietic origin®******”. My focus was attempting to block
fibrocyte migration to the myocardium in the Angll model by targeting a chemotactic
pathway — CXCL12-CXCR4. Importantly, CXCL12 had been implicated in the
recruitment of progenitor cells to the myocardium®”. These observations were largely
related to endothelial progenitor cells (EPC), which are involved in revascularization
post-infarct. In contrast to the beneficial effects of EPC, fibrocytes were thought to have a
negative effect on cardiac healing by promoting fibrotic deposition and the ensuing

: . 47,68,155,254
cardiac dysfunction*”*%'>>

. This theory hinged on an important assumption: fibrocytes
were directly and aberrantly producing the ECM proteins that contributed to myocardial
fibrosis. In addition, fibrocytes were also observed during pro-fibrotic phases of healing

including those in lung, liver, kidney, skin, and heart models®>> 227271328

. The assumption
also revolved around the premise that these cells were “fibroblast-like”. There is evidence
that a population of monocyte-derived cells can express typical fibroblast markers

179,236,327,329-331
A

including collagen, vimentin, and even aSM . Researchers have even

gone so far as to say their physical shape looks like a fibroblast and therefore, these cells
. . . . 29,238,332-334
are undergoing a differentiation process toward becoming a fibroblast . Thus,
one can understand how researchers could arrive at the conclusion that fibrocytes were
important to the fibrotic process — an assumption that prefaced my first and second
manuscript for this thesis.
As I mentioned in my introduction, the realization that fibrocytes were likely just

a M® subset happened by chance. If I had not been attending that conference in Quebec

City, who knows what I would be studying right now. Even from the beginning of my
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degree though, there appeared to be holes in the fibrocyte facade that made me question
the cell type I was studying. As one re-examines the assumptions and observations in the
paragraph above, the fibrocyte story falls apart. Yes, fibrocytes were present during pro-
fibrotic phases of healing, but they were also present during the early inflammatory
stages as well’>> 7, For example, in the AngII model, cells that one could classify as
fibrocytes (e.g. CD14", CD11b" CD45" vimentin") appear between 1-3d post-

47,68,72,93,100

infusion . During this phase of healing, there is an abundance of pro-

inflammatory factors in the environment such as IFN-y, TNF-a, IL-1p3, and IL-
67087293 100101215 Nt dissimilar to M®, fibrocytes have even been shown to produce
pro-inflammatory factors including IL-6, IL-8, CCL2, CCL3, and CCL47%*%% Ag
such, the idea that these cells are a phenomenon of the pro-fibrotic stage of healing does
not stand up to the evidence. Phenotypically, the expression of collagen, vimentin, and
aSMA by fibrocytes may not be enough to assume that these cells are differentiating
toward a fibroblast and have an active role in fibrotic deposition. Importantly, that
assumption is premised on the idea that these are “fibroblast” markers and not just
markers of a particular phase of healing, for example. Again, I cannot argue against the
idea of a monocyte-derived cell expressing ECM proteins because even I demonstrated
CD45"aSMA" cells in the myocardium following AnglII infusion’. I can, however, call
into question the ability for researchers to demonstrate monocyte-derived cells expressing
collagen using flow cytometry”>**’. For example, antibodies against collagen type I are
typically unconjugated and polyclonal and thus, more likely to bind non-specifically than
conjugated monoclonal antibodies. This is particularly important when labeling cells that

abundantly express Fc receptors, which largely mediate non-specific antibody binding.
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Interestingly, many of the antibodies used to label leukocytes for collagen were not even
manufacturer-tested for flow cytometry. The cells characterized as fibrocytes using flow
cytometry against Col-1 also went through an in vitro culture period, during which they
likely changed their phenotype”*****’. Moreover, Col-1 is a secreted protein, suggesting
that flow cytometry may not be the most appropriate method for its detection. The only
antibody of which I am aware that labels fibrocytes for a relevant ECM marker and is
manufacturer-tested for flow cytometry is against pro-collagen type I (Miltenyi Biotech).
I welcome anyone to check the product page to determine whether they feel this is a
suitable antibody for flow cytometry. Thus, the flow cytometric characterization of
fibrocytes using antibodies against Col-1 is likely insufficient to support their existence.
Functionally, fibrocytes (i) produce significantly less collagen than fibroblasts and
(i1) would comprise significantly fewer cells in the myocardium even during injury,
suggesting that fibroblasts are still the primary effector cell in myocardial fibrosis. And
then there’s the shape — ugh. For a researcher in this day and age to use shape as an
important characteristic cell feature is arguably absurd, particularly when that cell type is
cultured in artificial conditions (e.g. plastic flasks with varying factors and growth
media). When discussing fibrocytes, I have been known to use the analogy that if
someone dressed up in a police officer costume, I can understand why one would believe
that person is a policer officer, but it still does not necessarily make it true. It is a
supportive piece of evidence, but a weak one at that. Thus, the case for fibrocytes as a
unique cell type involved in the fibrotic process is somewhat lacking. In contrast, a
stronger case can be made that the cells we set out to study were, in fact, monocytes and

monocyte-derived MO.
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Monocyte-derived M® are present in all stages of cardiac healing and serve and
important role in shaping the myocardial environment"’>!%%!34137248230 The biphasic
healing response, characterized by early classical then later non-classical monocyte
recruitment, appears to be conserved in both ischemic and non-ischemic myocardial

190134 While the specific functions for these cells remain somewhat unclear, their

injury
general roles can be dichotomized into an early pro-inflammatory response and a later
anti-inflammatory/pro-fibrotic response’. This would help explain (i) the early
appearance of monocyte-derived cells in the myocardium following AnglI infusion and
(ii) the later gradual increase in ECM expression by monocyte-derived cells*’-’%'0%12>2%4,
Importantly, if fibrocytes were to exist as a unique cell type, then their expression of
hematopoietic (e.g. CD45, CD11b, CD14, CD68) and mesenchymal markers (e.g.
collagen, vimentin, and a SMA) does not serve as a specific identifier. Indeed, even a
paper that specifically set out to differentiate fibrocytes from monocyte-derived M®
supports that collagen expression — the hallmark of a fibrocyte — cannot separate the 2
cell types'”. Growing evidence suggests that under certain conditions, M® —
predominantly M2 — can also express the same ECM markers, which may highlight their
role in the healing phase of myocardial injury>*>******>*? n addition, M2 subsets have
been shown to internalize collagen for degradation, suggesting that collagen within M®
can also be acquired from their environment™*.

Importantly, the classical monocytes that form the first wave of leukocyte
migration to the heart have been described as immature and as such, are believed to have

a greater ability to differentiate along the M® spectrum'®. Moreover, it is possible that

the CD133" cells previously reported to be in the AnglI-exposed myocardium could be
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an even less mature cell of the myeloid lineage with greater pluripotency’~*.

Unfortunately, the CD133 antibody was discontinued without a viable replacement.
Nevertheless, pluripotency could have important implications in animals receiving both
Angll and AMD3100. If there were an increased concentration of immature myeloid cells
released into circulation and subsequently recruited to the myocardium, then it is
reasonable to believe that the early, pro-inflammatory myocardial environment would
encourage M1 activation. In turn, this increased M1 activation could exacerbate the
typical pro-inflammatory, Angll myocardial injury, which would require a sufficient but
detrimentally greater fibrotic response. This could serve as the mechanism by which
AMD?3100, in addition to AnglI infusion, appears to increase the presence of CD45"
aSMA" cells in association with increased myocardial fibrosis. It is important to note that
AMD3100 blocking the CXCL12-CXCR4 interaction in the bone marrow does not
specifically increase the specific release of monocyte-precursors, but rather, all leukocyte
precursors**. Thus, the response we observe with AMD3100 is likely an over-response
by all leukocytes (e.g. T-cells, NK cells) involved in Angll-mediated myocardial injury
and repair, but further characterization of the infiltrating cell populations would be
required.

Lastly, given the established importance of CCL2-CCR?2 in classical monocyte
recruitment, there is still the lingering question as to why CCR2”" mice would not be
protected from early mononuclear cell accumulation in the myocardium''. T do not have
a definitive answer, but it could relate to the fact that (i) classical monocytes can utilize
alternative chemotactic pathways that may be upregulated in the Angll model (e.g.

CCL3, CCLS5) and/or (ii) the lack of vascular integrity following Angll-mediated injury
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(i.e. non-specific chemotaxis) . While not necessarily conclusive, there is

evidence for the upregulation of myocardial CCL3 and CCLS5 in the Angll model and

1633467398 11 support of the

classical monocytes express their receptors, CCR1 and CCR5
former mechanism, we have observed significant hemorrhaging in some Angll-exposed
hearts, particularly those also exposed to AMD3100. Furthermore, AnglI has been shown
to increase vascular permeability and is known to cause significant vascular

H7126.32 Thys, outside CCL2-CCR2 signaling, there are alternative mechanisms by

injury
which classical monocytes could enter the Angll-exposed myocardium.

Building on the observations from the AMD3100, fibrocyte chemotaxis
manuscript, I move onto the liposome and CX3CR1™" studies: we were still investigating
fibrocytes when I began these projects, but as the lines between monocyte and fibrocyte
blurred, I investigated alternative approaches for preventing the accumulation of the
monocyte lineage (i.e. M®). It was at this point that I discovered liposomes in the
literature.

Liposomes were not a new technique, but it was an ever-refining method for

301,302,349

targeting phagocytic cells . To date, one group had successfully employed

liposomes to label and deplete ‘fibrocytes’ in a model of hypoxia-induced vascular

remodeling®®’

. In turn, they had demonstrated a reduction in ‘fibrocytes’ in the vessel
wall and linked this observation to a reduction in vascular remodeling. Similarly, we
were able to demonstrate a significant reduction in mononuclear cell accumulation
following Angll infusion in tandem with clodronate liposome injections. Importantly, we

believed we were still targeting a single cell type and thus, took for granted any potential

biphasic response that would involve 2 waves of monocyte migration. As such, the serial
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liposome injections I provided throughout Angll infusion had prevented both waves of
migration, but this oversight still led to an an important conclusion: monocyte depletion
in a non-ischemic/infarct model was beneficial to cardiac remodeling. Dissimilar to
infarct models, in which monocyte depletion was determined to be detrimental and even
fatal, animals receiving clodronate liposomes and AnglI did not exhibit any adverse

%72 This observation hints at the environmental

responses or increased mortality
differences and, in turn, demands between ischemic and non-ischemic myocardia.

As previously mentioned, the hypertension models do not typically exhibit the
same extent of cardiomyocyte loss as those involving infarcts or ischemic'>****. As such,
it could be argued that the fibrosis observed in hypertension models, including exogenous
Angll infusion, is intended to reinforce the structural integrity of a more uniformly
stressed organ. In contrast, infarcts and ischemia can lead to a significant breakdown in
the structural integrity of a particular area of the heart, which, if it were not to repair
sufficiently, is at risk for rupture. If an animal were to be continually infused with AnglI
for a longer duration without the M®-mediated pro-fibrotic response, the heart may also
lose its structural integrity; however, to date, no such experiment has been performed.
Findings in our AnglI infused CX3CR1"" mice indicate this could be the case. While
these animals exhibited significantly greater fibrosis, the scar appeared unusually
immature (e.g. looser fibres, lighter in colour), as indicated by SR/FG staining. Moreover,
the hearts in these animals exhibited dilatation by just 3d of Angll infusion, supporting a

loss of integrity. Unfortunately, one cannot separate this observation from observed

increases in inflammatory markers, which may have precipitated the heart toward failure.
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Our findings also provide clues as to how changes in M® accumulation in the
myocardium can subsequently influence the myocardial environment. Some of the more
interesting but perhaps understated findings of my liposome manuscript are the effects
that clodronate liposomes have on the levels of TGF- and CX3CL1 myocardial
transcript. It may seem counterintuitive that TGF-f transcript is upregulated and both
Col-1 transcript and collagen deposition are downregulated; however, while often
considered pro-fibrotic, TGF-f3 is a pleiotropic growth factor with potent anti-
inflammatory effects as well. I hypothesize that the increase in TGF-f could potentially
be attributed to a few mechanisms:

(1) Angll is still exerting pro-inflammatory effects on the vasculature and
inducing hypertension. In the absence of M®, the heart’s inability to adapt
through fibrotic deposition may exacerbate vascular stress and TGF-3 may
be serving a role in counteracting the vascular inflammation. Essentially,
without M® as part of the normal cardiac repair mechanism, the heart
assumes a new ‘homeostasis’, and/or

(i1) clodronate liposomes induce apoptosis and the phagocytosis of apoptotic
cells by other MO is believed to induce a M® activation/deactivation that
includes the production of TGF-B'*". While many M® are depleted by
clodronate liposomes, a population of rCM® appears to be resistant to
depletion, and thus, may be responsible for clearing other apoptotic
M@,

The reduction in CX3CL1 myocardial transcript also points to a fundamental change in

the myocardial environment following monocyte/M® depletion. If CX3CLI1 is
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responsible for the second wave of monocyte (i.e. non-classical) recruitment, then its
downregulation suggests 2 other potential mechanisms at play:
(1) the early wave of classical monocytes that likely become M1 activated
M® are responsible for the production of CX3CL1 in the heart. Thus, in
their absence, as would be the case with clodronate liposomes, less
CX3CL1 will be produced and this would also prevent the second wave of
monocyte recruitment, and/or
(i1) if the first wave of monocyte influx into the heart induces inflammation
that causes injury, then the second wave of monocytes may be required to
shift the heart into an anti-inflammatory/pro-fibrotic state to repair said
injury. With a reduction in inflammatory injury, whichever cells are
normally responsible for CX3CL1 production may no longer be receiving
the appropriate signaling to trigger the second wave of monocyte
recruitment. Thus, CX3CL1 production would be redundant.

Regardless of the underlying reasons for the decreased CX3CL1 transcript in
Angll-infused, monocyte-depleted mice, our results still suggest a very important role for
the chemokine in the resolution of inflammation and cardiac repair. In Angll-infused
mice that lacked its receptor, CX3CR1, we demonstrated an increase in myocardial
mononuclear infiltrate and fibrosis. This was in contradiction to our hypothesis that non-
classical monocyte recruitment and their preferential differentiation into M2 M® were
primarily responsible for Angll-mediated myocardial fibrosis. Yes, M2 M® —or a
portion thereof — are the phenotype and activation state that can express ECM markers

235-237,341,342

and correspond to the fibrotic stage of healing . In addition, evidence from
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infarct models supports M2 M® as predominantly being derived from infiltrating
Ly6C"" monocytes and as such, eliminating their primary chemotactic pathway (i.e.
CX3CL1-CX3CR1) would impair their recruitment. In support of such a theory, AnglI-
infused CX3CR1”" mice did appear to have fewer myocardial CD206" cells than their
WT counterpart™. Our hypothesis; however, was an oversimplification of (i) the
mechanisms responsible for Angll-mediated myocardial fibrosis and (ii) the complex
activation of M® (e.g. multiple M2 subsets) and its effect on healing.

I return to the idea that Angll-mediated myocardial fibrosis has been muddled by
the idea of a single cell type (e.g. fibrocytes) driving the fibrotic process. It was loosely
based on the idea that fibrocytes become fibroblasts, which produce ECM proteins that

contribute to fibrosis*>>%>!

. Ergo, more fibrocytes equates to more fibrosis. Now,
replace ‘fibrocytes’ with ‘M2 M®’ and it could be argued that more M2 M® should
equate to more fibrosis. Arguably, the clodronate liposome, monocyte-depletion studies
could reinforce this idea, if one were to still assume this a single cell type was
predominantly responsible. After all, significantly reducing the accumulation of
mononuclear cells in the myocardium dramatically diminished fibrotic deposition. In
many respects, the CX3CR17 experiments were the proverbial nail in the coffin for the
Angll model being an aberrant fibrotic process. It was not the case that mononuclear cells
were entering the myocardium only to become ECM-expressing, fibrosis-depositing
machines. Even groups that have touted fibrocytes for the better part of a decade report
under 4% of all isolated non-myocyte myocardial cells expressing the fibrocyte (or M2,

100

ECM-expressing phenotype) . Rather, in the context of literature and our ever-growing

understanding of M® in cardiac disease, the Angll model looked more and more like a
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non-ischemic version of cardiac injury that still followed a biphasic role for M® subsets.
Indeed, by examining the phenotype of early (i.e. 1-3d) versus late (i.e. 3-7d) myocardial
M® and the corresponding myocardial environments, one can begin to understand the
temporal progression of the Angll-mediated response. For example, Duerrschmid et al.
demonstrated the accumulation of M1 activated M® (i.e. TNF-a-producing CD68" cells)
by 3d followed by an expansion of 2 subtypes (i.e. CD301" and CD206") of M2 activated
MO at 7d in the AngIl model'”. Moreover, the phase dominated by M1 activated M®
was also associated with upregulation of the pro-inflammatory factors IFN-y, TNF-a., IL-
1B, IL-6, IL-12, and CCL2Y"M190125 14 contrast, the M2 dominated phase was associated
with upregulation of the anti-inflammatory and pro-fibrotic factors IL-4, IL-13, and TGF-
B'%. As such, preventing the accumulation of myocardial M2 M®, as we achieved with
CX3CR1™ mice, in the same Angll model employed by Duerrschmid et al., appeared to
impair the normal resolution of M1-driven inflammation’”. This was supported by the
concurrent increases and decreases in pro-inflammatory and anti-inflammatory cytokines,
respectively. In simple terms, an early inflammatory response likely necessitates a later
fibrotic response. As such, in myocardial healing, villainizing the M2 phenotype — ECM
marker expression or not — can be thought of as analogous to blaming firefighters for
water damage after a house fire.

But what if the heart had live-in arsonists and firefighters and they were in
constant competition? This was the nature of the question we were asked by reviewers
when submitting the liposome-CX3CR 17" manuscript: have you considered your findings
in the context of rCM®? No, we had not because we did not know such a cell existed, but

it did fill a missing piece to the cardiac healing puzzle. Within 1 manuscript, I came to
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the realization that (i) fibrocytes are likely a M® subset and we had been studying M® all
along, (i1)) M® subsets are imperative to myocardial healing — they both promote and
resolve it — and (iii) the heart, like many other organs, has its own resident M®
population. Additionally, we discovered that CX3CR 1™ mice exhibit an increase in Ly6C
expression in their rtCM® population, which is consistent with the more immature, pro-
inflammatory M1 phenotype. This suggested that CX3CR 17 mice have variations in their
M® activation potential that could ultimately affect the ability for the heart to heal (i.e. a
pre-existing balance between resident M1 and M2 activation states). And if it was the
case that rCM® were dynamic, then what other perturbations in signalling — or variables
— could influence their phenotype?

I continue to be fascinated by the dynamic rCM® concept: one heart could be
more primed for injury than another. Conversely, a heart could also be more primed for
protection than another. I imagined all the different sources of inflammation and
regulation of inflammation that could influence rtCM® phenotypes: obesity, infection,
previous cardiac injury, autoimmunity, age, and hypertension. Obesity and the systemic
inflammation with which it is associated also stuck out at me as an interesting research
avenue for rTCM®, but that could have been another graduate degree in itself. Rather, we
chose to investigate the yin, CCR2, to the yang, CX3CR1™,

Since rCM® demonstrated a more pro-inflammatory inflammatory phenotype in
CX3CR1"" mice than WT, it followed that *CM® in CCR2” mice may exhibit a more
anti-inflammatory phenotype. This hypothesis was premised on these chemokine
receptors representing the 2 poles of monocyte differentiation: classical/CCR2 and non-

classical/CX3CR1"*. At the time, I did not realize it, but I was also circling the
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hypothesis that these 2 chemokine receptors could influence the turnover of rTCM® from
circulation. I also took for granted how profound an effect differences in rtCM® could
have on cardiac healing.

While I was personally comparing rCM® phenotypes between CX3CR17" and
CCR2™ mice, other researchers provided temporal and functional context to our
observations. In collaboration with Dr. Légaré’s previous PhD student, Dr. Nicole Rosin,
we had actually begun to find connections between age and rCM® phenotypes. We
demonstrated that older mice exhibit a pro-inflammatory shift in their rtCM®, but this
was still early on and I failed to truly appreciate the connection between age and rCM®
phenotype'*®. I had not considered that this could be on an ever-changing spectrum that
begins as an embryo, as demonstrated by other researchers. For example, Epelman. et al.
and Molawi et al. both showed that rCM® originate from embryonic and yolk-sac-
derived populations that are gradually replaced by circulating CCR2" monocytes>***.
Importantly, these CCR2" circulation-derived M® exhibit a more pro-inflammatory M1
activation state compared to the embryonic and yolk-sac derived populations. This added
important context to the aging study by Dr. Rosin and our baseline observations in CCR2"
" mice at 8wk: if CCR2" M1 populations replace M2 embryonic and yolk-sac derived
populations, then this provides an underlying mechanism to the observation that CCR2™
mice exhibit an overall anti-inflammatory shift in *CM®. In other words, CCR2"" mice
may have slower turnover of their initial resident M® populations, thus helping better
preserve an overall M2 phenotype. Aurora et al. remarkably demonstrated the functional
significance of this CCR2-dependent turnover: embryonic and yolk-sac derived rCM®

can aid in the repair and regeneration of the heart following ischemic injury in
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neonates'””. Thus, as CCR2" M® replace embryonic and yolk sac-derived M®, the heart
may also lose its ability to regenerate following injury. As such, the time point/age at
which we study CVD becomes increasingly relevant to the observed outcomes.

Our lab has predominantly studied the Angll model in 8wk old mice. In the case
of comparing CCR2"", CX3CR1™"", and WT mice in CVD models at 8wks, we as well as
others had long been under the assumption that we were specifically studying the
migration of cells strictly during the disease process (e.g. Angll infusion or infarct). Yes,
CCR2™" mice also exhibit a reduction in the Ly6C™" circulating monocyte population —
an effect likely attributed to the importance of CCR2 in the emigration of monocytes
from bone marrow’>*. However, when one is trying to block the recruitment of CCR2"
cells by using a knockout, it matters less that there are fewer of the population with which
to begin — only that fewer of these cells migrate to the heart, so that in their absence, we
can understand their function as M®. The fact that the overall rtCM® population is
dynamically dependent on CCR2, age, and potentially CX3CR1, has the potential to
require us as researchers to rethink all previous observations in CVD. It suggests that the
time point at which we choose to study CVD is a snapshot on a continuum from (i) a
baseline ability to promote cardiac regeneration to (ii) a state that may predispose one to
worsened injury and ultimately fibrosis (i.e. the extent of a cardiac injury increases with
age).

Unfortunately, while there is growing evidence for the role of CCR2 in the
turnover of embryonic and yolk sac-derived M®, the role for CX3CR1 in the resident

248,250

population is less clear . The embryonic and yolk sac-derived rCM® are

characterized by their expression of CX3CR1, which is absent or significantly reduced in
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the CCR2" monocyte-derived M®. Moreover, as previously mentioned, these 2
chemokine receptors serve complementary roles in the recruitment of classical and non-
classical monocytes to tissue. As such, it may be the case that CX3CR1 has an important
role in the initial homing or preservation of the embryonic and yolk sac-derived
populations. Importantly, CX3CR1 has been shown to promote M® survival in certain
models of disease, but whether these observations can be extrapolated to the heart is
unknown'**'***** In turn, the mechanisms underlying our observations in the CX3CR1™"
mice remain hypothetical. However, in the context of our complementary study using
CCR2 " mice, our results still support a shift toward an M2 activation state as being
protective for the heart.

There are still some whom find fault with M2 M® in the Angll model though. In
reviewing the literature for this thesis and trying to piece together a cohesive image of the
Angll model, a single paper stands out as a stumbling block: Interleukin-12p35 Deletion
Promotes CD4 T-Cell-Dependent M® Differentiation and Enhances Angll-Induced

Cardiac Fibrosis'®

. IL-12 is considered a pro-inflammatory cytokine produced by M1
M® often in response to IFN-y signaling. In this paper, Yulin et al. demonstrated that
knocking out the IL-12 subunit p35 is detrimental in the setting of Angll-mediated
myocardial fibrosis. In other words, less of a pro-inflammatory cytokine exacerbates
fibrosis. When the evidence seems stacked in favour of inflammation being the pre-
cursor to Angll-mediated fibrosis, how then can more inflammation be a good thing?

Moreover, in another study by the same group, inhibiting TNF-a and IL-1f in the Angll

model led to a downstream reduction in IL-12, which was associated with a reduction in
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myocardial fibrosis>"”. So which is it: is IL-12 good or bad? And for that matter, does this
suggest M2 M® are detrimental in the Angll model?

These sorts of studies can threaten to overthrow prevailing theories (e.g.
inflammation leading to fibrosis), just as the idea of fibrocytes threatened to detour our
understanding of cardiac healing (e.g. one cell type on a mission to deposit ECM
proteins). In turn, anomalies can force — or encourage — researchers to think outside the
box. With respect to IL12p35” mice, it may be more likely the case that we are missing a
vital piece of the puzzle. Importantly, the IL-12p35™ studies made all their observations
at 7d of Angll infusion — a time point at which inflammation has been shown to have
somewhat subsided'?. As such, the missing piece of the puzzle in the IL-12p35™ story
may lie between t=0d and t=7d. These studies can be like a magic trick in which you
know the magician starts with a hat and a rabbit and then the rabbit seems to disappear: in
order to understand this observation, you need to know what occurs in between those 2
events. Does removing IL-12p35 somehow exacerbate early inflammation, causing a
secondary bump in M2 M® activation and fibrosis? Interestingly, the researchers failed
to take into account that an IL-12p35” mouse would also knockout the lesser known IL-

35, which promotes regulatory T-cell activation™3>*33°

. Relevant to this theory, the
adoptive transfer of regulatory T-cells reduced myocardial fibrosis in the AngII model®.
Moreover, IL-35 has been shown to be protective in the context of some cardiac
pathologies™**>". While this is a relatively novel area of research that requires further

investigation, it permits the theory that inflammation precedes and even necessitates the

ensuing myocardial fibrosis to remain intact.

161



Thus, I come to the end of discussing my findings in the context of the literature.

The principal conclusions to which I arrive include:

(1)

(ii)

(iii)

(iv)

)

A progenitor cell population (e.g. fibrocytes) is not responsible for AnglI-
mediated myocardial fibrosis,

Indeed, the Angll model is not necessarily contingent on a single cell type
driving the fibrotic response, despite the fact that depleting circulating
monocytes with liposomes still prevents myocardial fibrosis,

Rather, the process we are studying represents an extension of
observations in infarct models. Specifically, the Angll model (i.e. non-
ischemic injury) also features a biphasic response in which M1 M®
predominate during the pro-inflammatory stages of healing and are
subsequently replaced or added to by M2 M® during inflammation
resolution and fibrosis,

The Angll model is complicated by the fact that CCR2”" does not prevent
the accumulation of early M1 activated M® in the myocardium, but
theories including increased vascular permeability, additional chemotactic
pathways, and even the mass mobilization of classical monocytes from the
spleen may contribute to the accumulation of the M1 phenotype,

Cardiac pathology models are further complicated by the presence of
rCM®, which likely has an important influence over the ability for the
heart to heal versus scar during an injury. Moreover, the fact that resident
M® turnover with age and shift toward a pro-inflammatory phenotype has

important implications in how we study cardiac pathologies. As such, age
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must always be considered as a variable for our observations in cardiac
pathologies,

(vi)  CCR2 and CX3CR1 may serve complementary roles in replacing and
preserving rCM®, respectively.

(vii)  Lastly, there are many questions left unanswered as to which other
systemic or local changes have the ability to change the rCM® population
phenotypes through turnover or environmental differences. For example,
pathologies that increase M® turnover may predispose the heart to worse
outcomes — an effect that may be additive (i.e. each subsequent cardiac
event may reduce the ability for the heart to heal).

This last point is particularly important for future researchers and leads into the next

section of my discussion: future directions.

7.2 Future Directions

There are many directions in which I could take this section, but I will try to focus
it on a few key areas addressed in this thesis. Namely, the future of fibrocyte research,
rCM®, and the Angll model.

There are still researchers plodding along in fibrocyte research, arguing that this
elusive — a word used in their circles — is an important source of “fibroblasts” and
responsible for the deposition of fibrosis in virtually all organs and tissues''*~>". Indeed,
researchers have demonstrated the presence of ECM marker-expressing, monocyte-

255-257,271,328

derived cells in models of lung, liver, kidney, heart, and skin fibrosis .Justas 1

have re-examined my results in the newly-discovered context of M2 M® subsets, I would
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encourage other researchers to do the same. There are possibly conditions in which we
have wrongly attributed pro-fibrotic functions to these cells, similar to our findings in the
Angll model.

Many studies in Th2 lung pathologies have also linked the cytokines IL-4 and IL-
13 with pro-inflammatory fibrocyte functions*****2%_ As previously mentioned, IL-4
and IL-13 are key cytokines in M2 activation and indeed, certain M2 subsets have been

168361 1n turn, the functions attributed to

implicated in Th2-drive pulmonary inflammation
fibrocytes in these pathologies may be more reconcilable with M2 phenotypes. As
researchers attempt to design studies and therapies around these potentially false
attributions, they risk misdirecting attention and resources to more viable avenues (e.g.
M® activation). Thus, it is likely the case that these misunderstood M® serve important
functions in both pro-inflammatory and pro-fibrotic models that remain uncharacterized.

While researching literature for this thesis, I asked myself again: what is a
fibrocyte? What do we know about fibrocytes? Some common themes arose:

(i) they can express some classical M® markers'”,

(ii) there are discrepancies in characterizing which circulating populations

give rise to them’"">%|
(ili)  they originate in the bone marrow and traverse circulation'>,
(iv) in tissue, they can decrease the expression of classical M® markers in

. 47,71
favor of increased mesenchymal markers*”’",

(v) they are present in the fibrotic/reparative phases of injury*”’"*>1%% ‘and
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(vi)  they seem to migrate to many of the same chemokines as monocyte

populations including classical monocyte chemokines such as CCL2 and

CCL5%3362
It then struck me that if M® can shift phenotypes (i.e. M1 to M2) in response to changes
in tissue environments (e.g. inflammation to fibrosis), then fibrocytes as a phenotype may
indicate such a transition. In other words, if fibrocytes look like a transition between M®
phenotypes, then perhaps they are a transitional phenotype. This could explain why
fibrocytes seem to accumulate in the interphase between inflammation and fibrosis;
however, more investigation is required to tease out the subtleties of M® differentiation,
particularly in in vivo settings®’~>7*%,

One approach for addressing whether fibrocytes are a transitional cell type would
be to determine whether classical monocytes can differentiate into ECM-expressing M2
M in the appropriate environment. In addition, one could investigate whether classical
versus non-classical monocytes have differing abilities to undergo certain forms of M®
activation (e.g. M1-like versus M2-like). There are still large discrepancies in the
literature regarding which monocytes are beneficial versus detrimental in the context of
different pathologies'®*****%_ Classical monocytes, which are primarily recruited via
CCL2-CCR2, are key feature in the early inflammatory phase of many

165,366,367 As

pathologies I have indicated in the discussion, this is not necessarily the only

chemotactic pathway involved in the recruitment of classical monocytes'®’>*>>%,
Importantly, researchers have begun to consider classical monocytes as a naive cell type

with more differentiating potential than non-classical monocytes'®'*. Classical

monocytes are released into circulation only to learn from their environment and adapt to
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the conditions to which they are recruited'®*'®. In addition, they provide a quick,
accessible, vast source of pathological M@'0%163:163:171.247.366.367.369 * s g qyich, in pro-
inflammatory environments, classical monocytes have the ability to dramatically increase
tissue M1 M® in order to ramp up the inflammatory response'>*'®. Alas, if one could
shift the phenotype of classical monocytes in circulation before they reach inflammatory
tissues, then there may be an opportunity to therapeutically resolve rather than promote
inflammation.

Some have suggested this can be achieved with a type of liposome comprising
phosphatidylserine (PS)'*. PS is typically found on the cytosolic side of the cell
membrane and is flipped toward the extracellular side when a cell undergoes apoptosis® .
The PS can be recognized by monocytes and M® in order to aid in the phagocytosis of
PS-expressing apoptotic cells. Moreover, it has been shown that the uptake of apoptotic
cells by M® induces an anti-inflammatory M2 activation, characterized by the production
of IL-10 and TGF-B*"'~"2. Consequently, some have suggested liposomes containing PS
can mimic apoptotic cells and in turn, therapeutically modulate monocyte and M®
phenotypes toward M2 activation'*’. In preliminary experiments, we had attempted to
modulate rCM® by administering liposomes containing PS. Our early results suggested
that it was worth further investigation, but significantly more work was required to verify
that these liposomes can (i) reach the rCM® and (ii) induce a therapeutically useful M2
phenotype. Importantly, it may not be as simple as presented by Harel-Adar, in which
liposomes containing PS were suggested to improve recovery post-infarct'*’. Indeed, they
report that liposomes containing PS were associated with a reduction in CD68 and an

increase in CD206 — markers of M1 and M2, respectively. However, many of the
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reported benefits, including increased scar thickness in the case of infarcts, appear to be
attributal to liposomes, not PS specifically. Thus, while the theory makes sense in
principle, there is currently insufficient evidence to support its validity.

Regardless of whether we can therapeutically manipulate rCM®, based on our
work in CCR2”" and CX3CR1™" mice, it appears that changes in signalling can modulate
their phenotype. As mentioned previously, there are many conditions associated with
systemic inflammation that have the potential to affect rtCM® phenotype and in turn, the

168,171,373,374

ability for the heart to respond to injurious stimuli . Recently, researchers have

delved into age as a variable of influence in rCM®, but the underlying theme in age is the
increased turnover of M®, which is likely featured in other conditions as well*** >,
There were 2 environmental conditions that stood out as both particularly interesting and
clinically relevant: (i) obesity and (ii) having had a previous cardiac event.

Current estimates suggest 1 in 4 adults and 1 in 10 children in Canada are

clinically obese, which is characterized as a BMI of >30 kg/m*"

. Relevant to this thesis,
obesity is generally associated with low-grade systemic inflammation and significantly
increased risk of CVD**"*>" In brief, obesity overwhelms the normal mechanisms and
capabilities for energy storage in adipose tissue and leads to the apoptosis and necrosis of

380,381

the adipocytes . In turn, diseased adipose tissue produces pro-inflammatory

adipokines (e.g. IL-6, CCL2, and TNF-a) that can also promote the recruitment and

activation of pro-inflammatory leukocytesm’3 80

. Indeed, obese individuals exhibit both
increased adipose and serum levels of TNF-a and IL-6, suggesting that the pro-

inflammatory effects of obesity can extend beyond the local adipose environment. This

vicious pro-inflammatory cycle features a prominent role for M1 activated M® that is
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380

believed to contribute to the systemic inflammation associated with obesity™ . In

contrast, lean adipose tissue produces anti-inflammatory adipokines (e.g. adiponectin)

174,380 .
0'7**% In essence, adipose becomes

that favour M2 activation and the production of IL-1
a potent paracrine and endocrine tissue, capable of modulating signalling throughout the
body*$238

Perhaps capable of exerting a stronger effect on the myocardium, epicardial fat is
also expanded in obesity and, similar to obese visceral adipose tissue, promotes

inflammation involving M® phenotype modulation®®*3%

. In support of proximal
paracrine signalling, epicardial fat in obese individuals has been shown to modulate M®
phenotypes toward M1 activation in coronary artery disease®®. It follows that visceral
and pericardial fat may also modulate rCM® populations via endocrine and paracrine
mechanisms, respectively. In turn, changes in adipose composition may influence the
ability for TCM® to promote versus prevent myocardial injury. Some researchers have
begun to theorize such a connection between rCM® and obesity, but currently, the basic
science is lagging behind speculation®®***’. As an optimist, I see a potentially incredible
research opportunity to understand the influence of obesity through rCM® on CVD.
Pre-existing injury is another interesting area of investigation in the context of
rCMO. It is well-established that M® accumulate in the heart in many forms of CVD
(e.g. hypertension/Angll model, ischemia, infarct, myocarditis)'*>'"’. It is, however, less
clear how long these M® persist and what contribution they make to the -tCM®
populations. Recent evidence indicates that Ly6C'” rCM® can be completely lost by 1d
xxiii251

post-infarct . Moreover, the *CM® appeared to be entirely replenished with Ly6""

monocytes infiltrating from circulation. It follows that the change in composition of
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rCM® may influence the ability for the heart to heal following another injurious
stimulus. While challenging mice with more than 1 infarct would likely lead to high
mortality, alternatives such as hypertension models have also been shown to influence
rCM® composition with reduced mortality*””>'**'>> One possible experimental
approach could be a hypertensive model (e.g. Angll infusion) with a period of recovery
followed by a second insult (e.g. another duration of hypertension or an infarct). As such,
one would be able to assess (i) how cardiac insults affect the rCM® population over time
and (i1) how changes in the population could impact the ability for the heart to heal
during future injuries and stressors. Thirdly, age could be incorporated as a factor by
characterizing the immune response (e.g. changes in rtCM® populations, inflammatory
markers, fibrosis markers) to injury at age intervals. This could potentially resolve or
uncover the issue of age as a variable for influencing cardiac healing.

Thus far, the future directions and much of this thesis have focused on a single
cell type (i.e. M® or M® by any other name). Importantly, one cannot expect to
completely understand cardiac healing by focusing on a single cell type (e.g. MO or T-
cells). This leads into the last future research area which I would prioritize: arguably, no
paper to date is a masterpiece on the healing response to non-ischemic injury such as
Angll exposure or hypertension. As with most research, there are important and valuable
pieces of information that are seemingly scattered like an unfinished puzzle. No one has
connected the dots from T-cells to M® to fibroblasts and all the links in between. The
summary of findings in key papers in the Angll model are summarized in the table below

(Table 7.1):
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Table 7.1 — Summary of temporal findings from the Angll infusion model in mice. T
indicates upregulation or increase in expression relative to control levels. — indicates no
known difference between Angll infusion and control at said time point. A dark cell in the
excel indicates an unknown.

<ld 1d 3d 7d 14d 28d 42d

Physiological/Structural
ANP

B-MHC

Blood Pressure

Cardiomyocyte Size
EF

Hypertrophy
Fibrosis

Fibronectin
aSMA
Collagen Deposition

Collagen I
Collagen III
CTGF
TGF-p
Anti-Inflammatory
IL-4

IL-10

IL-13
Pro-Inflammatory
IFN-y

IL-12

IL-1B

IL-6

iNOS
Osteopontin
TNF
Chemokines
CCL2
CX3CLI
CXCL12
Cells
CCR2+
CD3+




CD4+

CD8&+

CD34+

CD45+

CD45+ CD86+
CD45+ CD206+
CD45+ CD301+
Cellular Infiltrate
F4/80

Mac-2
68-72,92,93,100,101,155,215,225,294,388,389

The table (7.1) is not intended to be exhaustive, nor perfectly representative of the Angll
model. While all studies used to generate this table used the AnglI infusion model in
mice, they may have differed in (i) the dose of Angll and the methods used for
characterizing/quantifying (ii) cells and (iii) fibrosis. As such, there are obvious
limitations in comparing such studies. Importantly, the table does highlight our
knowledge regarding the Angll model and continuous, non-ischemic myocardial injury
and repair. In addition, it also demonstrates that gaps in our understanding. For example,
many of the studies I reviewed focused on 7d of Angll infusion, but little information is
available before and after that time point. As such, the more we narrow our focus to time
points or cell types, the more assumptions we are forced to make and the less we are able
to describe the context for our observations.

Even in my efforts as a PhD student, I focused on resolving discrepancies in the
literature on one cell type. It would be naive to think that Angll-mediated myocardial
fibrosis can be attributed to M®. In preparing this thesis, I came across papers that made
sweeping claims about certain cell types and pathways in the pathogenesis of

CVD'%1OLILIZ2E 1hdeed, we simplify our messages to suggest that blocking one cell

171



(e.g. M@ T-cells) or pathway (e.g. TNF-a, IFN-y) is sufficient to abrogate a disease
process. I think this is a reflection of the fact that we, as researchers, are supposed to
“sell” our research and emphasize its importance. In my time as a graduate student, I
began to form an appreciation for the complexity of cells and signaling that mediate
cardiac injury and repair. As I read papers on Angll infusion and hypertensive models, I
found myself trying to compile pieces of information into a cohesive image of Angll and
hypertensive injury — a research version of “What comes first: the chicken or the egg?”.
There are some whom suggest it is T-cells in the vascular wall that promote the
inflammatory injury that results in perivascular fibrosis in the Angll model, but that leads

390

into the question of how the T-cells got there in the first place’". It may be the case that

the initial injury to the vasculature promotes T-cell recruitment to the vessels'?"'*®. T-
cells obviously have an important role in cardiac healing, particularly through
interactions with M® that regulate different phases of healing'**'*>**'"%? Some
hypothesize that T-cells produce the IFN-y and TNF-a that promotes M1 M® activation
in the myocardium; however, others hypothesize that M1 M® produce the IL-12 that

promotes T-cells to produce IFN-y and TNF-a'**>%

. Perhaps it is rCM® mediate the
early events that dictate how the myocardium heals during an injury. After all, they are
present at the onset of a cardiac injury.

I still do not know the answer as to which cell(s) fire the starting pistol in the race
from injury to inflammation to fibrosis. In reality, we are attempting to model a complex
series of processes that are likely interdependent on one another. I have, however,

realized that a lot of the knowledge, tools, models, and techniques required for forming a

cohesive, temporal image of Angll and hypertensive injury are available — it would just
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need to be a research priority. Unfortunately, my understanding is that it is difficult to
acquire funding for and to sell a more complete version of a research story when many of
the individual pieces have already been seemingly completed. Moreover, in times of lean

funding, we must remain focused on the topic of the next section: clinical significance.

7.3  Clinical Significance

In my Future Directions, I largely focused on basic science approaches because
they can serve as a “sandbox” for ideas. In contrast, the clinic can provide the inspiration
and ideas for researchers to explore in a laboratory. In the process of taking an idea from
“bedside to bench”, basic scientists are somewhat forced to take a reductionist approach
in order to model complex human disease. When the real world contains so many more
variables than models such as Angll infusion, it can be difficult to work in the opposite
direction — “from bench to bedside”.

While researching for this thesis, I formed a great appreciation for the complexity
of disease. I will reiterate a fact from my introduction because I think it is very important
and telling of what we cannot model in a laboratory: 2/3 of Americans are either pre-
hypertensive (above 120/80mmHG, but below 140/89mmHg) or clinically hypertensive
(>140/89mmHg)"?. It was a sad moment when you as a researcher look at what you have
achieved in the lab versus the true reality of a disease. Through further investigation, |
realized that social determinants of health — many of which are outside our control — are

6,7,17,394 .
. These social

the primary driving forces for hypertension and heart failure
determinants include upstream factors such as education, occupation, socioeconomic

. . . 395 . . .
status, and gene-environment interactions™ . As such, if my objective as a graduate
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student was to cure hypertension, I probably should have spent less time in a lab with
hypertensive mice and more time petitioning government for social change. Nevertheless,
this realization forced me to take a deeper look at the clinical significance of my work.
Indeed, my objective as a graduate student was to contribute to the understanding and
characterization of a disease process with the long-term aim of improving patient care. In
a roundabout way, studying a disease process that is more prevalent in lower
socioeconomic populations is still positively contributing to clinical outcomes.

As a basic scientist, there are different ways in which one can make a clinical
connection to their work including (i) modeling human disease and (ii) studying
pathways conserved between humans and another species to explore the ethically
inaccessible. As a researcher, connecting bench to bedside and vice versa, will likely
always have its limitations. The complexities of human disease, including life-long
exposure to variables (e.g. comorbidities), prevent small animal models from being
perfectly analogous. As researchers, we do, however, use multiple approaches to best
replicate tissue environments (e.g. in vivo, in vitro, ex vivo).

I cannot confidently argue that the Angll infusion model is representative of a
particular human disease, but an easier case can be made for its strength as a model.
Fortunately, as a hormone that spans primitive nematodes all the way to humans, any
study on AnglI signalling can potentially be linked back to the clinic**®. In mice, for
example, the Angll pathways are identical to those in human, making it suitable for
modelling AngII signalling®°. As such, exogenous AnglI infusion in mice could be
argued to generally model the increases in Angll signaling observed in certain

pathologies. Indeed, Angll serum concentration and, in turn, its signalling are often
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upregulated in CVD such as hypertension and heart failure®®’ %

. Many researchers have
attempted to take the association between model and clinic a step further by comparing
the plasma AnglIl concentrations in rodent infusion models to those in patients*’.
Unfortunately, there is not enough data to support the association. Based on literature, (i)
Angll plasma concentrations range anywhere from 8.5pg/mL to 15000pg/mL and (ii)
determining AnglI concentrations in plasma is fraught with experimental artifacts® ">~
*7 Indeed, some companies selling AnglI detection kits (i.e. Cayman Chemicals) list the
normal (e.g. non-pathological) average Angll concentration plasma as between 10-
30pg/mL; however, they provide no literature to support such a claim. Thus, despite the
push from granting agencies and publishers to form a direct link between bench and
bedside, there continue to be limitations to small animal models. Rather, the Angll
infusion model is likely just a surrogate for studying disease processes such as
myocardial inflammation, its resolution, and the consequential fibrosis to repair damaged
tissue.

Importantly, our work in small animal models has helped describe disease
processes that are ethically inaccessible in humans (e.g. studying M® in ventricles and
having the freedom to explore different time points). In tandem with work by others, we
have redefined myocardial fibrosis as a response to early inflammatory injury instead of
an independent process guided by a single cell type (i.e. fibrocyte)*-’!-"%%3:10023% 1
theory, had I continued along the fibrocyte path, then I may not have made any
meaningful contributions to the potential clinical future of fibrosis. With the help of
cardiac models including Angll infusion, we now know that M® accumulate in biphasic

72,100

stages that reflect the phase of myocardial healing . In non-ischemic injury, our work
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specifically helped demonstrate that M® serve a starring role in the early inflammatory

injury and the subsequent fibrotic response’>'"

. It would have been implausible — or
unethical — to characterize this process in human tissue and as such, we would have
remained in the dark without suitable animal models. As such, we have been able to use
animal models to identify M® as a potential therapeutic target in the different phases of
cardiac healing’">*'®**"* And through our work with liposomes, we have also
demonstrated ‘proof of concept’ that liposomes can modulate M® in the context of

cardiac injury and healing’">*

. Thus, targeting M® with liposomes could be a
therapeutic strategy for modulating M® phenotype and function in the context of CVD.
In addition, the discovery that the heart contains rCM® was largely made possible
through mouse models, which served as justification for human studies'"**>**°,
Specifically, in our lab, we are currently characterizing the presence and phenotype of
rCM® in human atrial samples (REACH Project, 2016, unpublished). The work in the
Angll model has also potentially provided some important information regarding the
immune response in sterile, non-ischemic cardiovascular injury. Through our work with
monocyte depletion in the Angll model, we can now begin to argue that the M®
accumulation in the non-ischemic heart may be an overreaction’. In contrast, work in
infarct models has demonstrated that M® accumulation is necessary for sufficient

59,154

healing . Thus, the comparisons between different mouse models allows researchers
and clinicians to infer the roles of various cell types as we design novel therapies.
Lastly and somewhat selfishly, the clinical relevance that I experienced during my

degree was imagining how my heart was responding to stress and hypertension. I

envisioned how cells of different phenotypes and functions were interacting in order to
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compensate for increased blood pressure. As an extension of that thought process, I
imagined the same processes happening in all patients with hypertension — my newfound

knowledge became a window into the heart.

7.4 Limitations

In this thesis, I presented work using the murine Angll model of myocardial injury
and fibrosis. As mentioned earlier in the thesis, this is one of the available hypertension
models — the others include aldosterone infusion, aortic banding, nephrectomy, renal
artery clamping, high-salt diet in susceptible rodents, denervation of sinoaortic
baroreceptors, and psychogenic stimulation (e.g. air jet, emotional stimuli, psychosocial
stress, electrical stimuli, immobilization)408. Each model has its benefits and limitations
in modeling human disease.

The Angll model is a minimally invasive model, which has the benefit of

408

technically ease and reduced procedural mortality ™ . Unfortunately, the Angll model also

does not necessarily reflect a normal human disease state; to my knowledge, no clinical

409 .
. Indeed, murine

condition results in a sudden spike in plasma Angll concentration
Angll infusion can induce sustained hypertension at levels comparable to moderate
human hypertension; however, Angll infusion also ignores or diminishes the effects of
other pathways involved in human hypertension such as sympathetic nervous system

31.68.91.110.409411 "1y addition, as mentioned earlier in the thesis, Angll has also

activation
been shown to have strong pro-inflammatory effects beyond its vasoactive and blood

volume properties'**'*?. As such, in the Angll model, there may be a disproportionate
prop g y prop

primary inflammatory response in addition to the hypertension-mediated inflammation.
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In addition, our findings were also limited by some of the experimental techniques
used in the studies included in this thesis. For example, we quantified mRNA transcript to
characterize the myocardial environment. The technique — qPCR — has several
advantages such as high throughput, sensitivity to detect changes, repeatability, and
requiring less starting material than other techniques*'?. Unfortunately, it also has several
disadvantages including not necessarily being reflective of protein expression and being
prone to error’'*. As such, a further analysis of temporal changes in protein expression
could clarify the true state of the myocardial environment at given times during Angll
infusion.

Our second methodological limitation was the use of intracellular flow cytometry
in an attempt to provide functional characterization of macrophage populations isolated
from the heart. While we were able to characterize a relative difference in cytokine
expression between WT and CCR2”" mice, the protocol to digest heart tissue in order to
isolate macrophages involves harsh conditions that may promote changes in M®
phenotypes. As such, using this technique, one cannot compare macrophage cytokine
expression from other tissues sources, such as blood, to that in heart. In the context of this
thesis, we cannot reliably compare the MFI for either TNF-a or IL-10 expression in
cultured cells to those isolated from myocardium.

The use of clodronate liposomes as an approach for systemic monocyte and M®
depletion is another limitation of the work presented in this manuscript. As mentioned
earlier in this thesis, there are different methods for depleting monocytes and M®
including inducible approaches (i.e. diphtheria toxin receptor under monocyte/M®-

72,154,200-203

specific promoters) . None of the current methods are perfect — ideally, one
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would be able to temporally deplete monocytes and M® without the large-scale apoptosis
that likely has effects that shape and affect immune processes'*”"’. Conventional
liposomes (e.g. containing phosphatidylcholine and cholesterol) delivered intravenously
(1) primarily target monocytes and M® via vasculature and (ii) are short-lived in

circulation*!®

. Indeed, in our experiments, we had to deliver liposomes every 24hr in
order to continually deplete circulating monocytes and we still did not achieve absolute
depletion. Moreover, resident M® are not necessarily accessible to IV liposomes. For
example, in preliminary work, we were only able to target ~10% of rCM® with IV
liposomes (data not shown). In turn, we cannot confidently state that our observations
with clodronate liposomes are entirely due to monocyte and M® depletion.

Lastly, we relied on histological methods such as SR/FG staining in order to
quantify myocardial fibrosis. While our results were largely supported by qPCR data on
COL1AL transcript levels. Importantly, the actual quantity of collagen in a given section
may differ from its visual representation due to differences in scar maturation. As a scar
matures, the collagen forms tighter fibrils, which would visually present as less fibrosis

29,40,59
by area™ "

. In contrast, earlier collagen deposition comprises looser fibres that would
visually present as more fibrosis by area. Moreover, in a state of increased inflammation
(e.g. AngII/CX3CR1'/ “or Angll + AMD3100), it may be the case that scar maturation is

delayed, resulting in perpetuation of loose collagen fibres that give the perception of

increased fibrosis by area.
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7.5 Closing Comments

In this thesis, I have attempted — and hopefully successfully — to describe my
contributions to research over the past 5 years. I also set out to write a different style of
thesis: I have included all the science, but also anecdotes and personal perspectives. I
wanted to create something accessible and all-encompassing, which has helped me
consider the different perspectives in disease, research, science, academia, and beyond.
As I conclude my degree and thesis, the most important question for me is: what am [
taking away from this degree?

As previously mentioned, the scientific knowledge that I have acquired during my
degree has been only part of my education. I started this degree with the intent of
exploring research and I discovered a lot more along the way. I learned an important
lesson about knowledge and my attitudes toward research. Knowledge without the skills
is like a library without anyone to read the material. Conversely, skills without
knowledge is like a hammer with no one to swing it. I now look at information as pieces
of a puzzle and the research process as actually putting the puzzle together. When I began
this degree, I was more focused on the puzzle pieces and not the puzzle as a whole. For
example, when Dr. Légaré presented me with the issue of myocardial fibrosis in the
Angll model, I thought my task was to get rid of fibrosis and then my mission would be
accomplished (think George W. Bush on the aircraft carrier prematurely declaring an
“end” to the Iraq war). In hindsight, this was a terrible way to look at research because
my contribution was both (i) an oversimplification and (ii) a small piece of the enormous
puzzle that is heart failure. Through the help of my supervisor — both through his own

expertise and by enabling me to experience the patient perspective — I saw diseases from
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the cells up to the individual and finally beyond to societies. It was the whole spectrum of
pathology. In addition, my own experiences with Dengue and hypertension helped break
the fourth wall between research and disease — I am now able to imagine what is
transpiring, despite the inability to directly visualize it.

In August, I will be beginning another path — a more clinical path — in medical
school. For now, I may be finished with research in the form in which I have been
practicing it for the last 5 years — as Dr. Légaré knows all too well, I never enjoyed
writing papers. I always loved the thinking though. During my degree, I spent many

hours daydreaming about diseases and the way they work.

skeksk

Thank you for taking the time to read my thesis.

181



REFERENCES
Nahrendorf M, Pittet MJ, Swirski FK. Monocytes: protagonists of infarct inflammation
and repair after myocardial infarction. Circulation 2010;121(22):2437-45.
doi:10.1161/CIRCULATIONAHA.109.916346.
DeCherney A, Nathan L, Goodwin TM, Laufer N, Roman A. Current Diagnosis &
Treatment Obstetrics & Gynecology, Eleventh Edition. 11th ed. McGraw-Hill Education;
2012.
Bui, Anh L, Horwish, Tamara B, Fonarow, Gregg C. Epidemiology and risk profile of
heart failure. Natl. Health Stat. Report. 2010;8(5):1-20.
doi:10.1038/nrcardio.2010.165.Epidemiology.
Roger VL. Epidemiology of heart failure. Circ. Res. 2013;113(6):646-659.
doi:10.1161/CIRCRESAHA.113.300268.
Kemp CD, Conte J V. The pathophysiology of heart failure. Cardiovasc. Pathol.
2012;21(5):365-371. doi:10.1016/j.carpath.2011.11.007.
Teo K, Lear S, Islam S, Mony P, Dehghan M, Li W, Rosengren A, Lopez-Jaramillo P,
Diaz R, Oliveira G, Miskan M, Rangarajan S, Igbal R, [low R, Puone T, Bahonar A,
Gulec S, Darwish EA, Lanas F, Vijaykumar K, Rahman O, Chifamba J, Hou Y, Li N,
Yusuf S. Prevalence of a healthy lifestyle among individuals with cardiovascular disease
in high-, middle- and low-income countries: the Prospective Urban Rural Epidemiology
(PURE) study. J. Am. Med. Assoc. 2013;309(15):1613-1621.

do0i:10.1001/jama.2013.3519.

182



10.

11.

12.

13.

14.

Farmakis D, Stafylas P, Giamouzis G, Maniadakis N, Parissis J. The medical and
socioeconomic burden of heart failure: A comparative delineation with cancer. Int. J.
Cardiol. 2016;203:279-281. doi:10.1016/j.ijcard.2015.10.172.

Cook C, Cole G, Asaria P, Jabbour R, Francis DP. The annual global economic burden of
heart failure. Int. J. Cardiol. 2014;171(3):368-76. doi:10.1016/j.ijjcard.2013.12.028.
Shields M, Tremblay MS, Laviolette M, Craig CL, Janssen I, Gorber SC. Fitness of
Canadian adults: results from the 2007-2009 Canadian Health Measures Survey. Heal.
reports / Stat. Canada, Can. Cent. Heal. Inf. = Rapp. sur la sant?? / Stat. Canada, Cent.
Can. d’information sur la sant?? 2010;21(1):21-35. doi:82-003-XPE.

Colley RC, Garriguet D, Janssen I, Craig CL, Clarke J, Tremblay MS. Physical activity of
canadian adults: Accelerometer results from the 2007 to 2009 canadian health measures
survey. Heal. Reports 2011;22(1). doi:10.1016/j.yspm.2011.03.006.

Bolger C. Canadian Health Measures Survey. Heal. Reports, Stat. Canada 2008.
Available at:
http://ir.lib.uwo.ca/context/rdchealthconference/article/1047/type/native/viewcontent.
Nwankwo T, Yoon SS, Burt V, Gu Q. Hypertension among adults in the United States:
National Health and Nutrition Examination Survey, 2011-2012. NCHS Data Brief
2013;(133):1-8. Available at: http://www.ncbi.nlm.nih.gov/pubmed/24171916. Accessed
May 22, 2016.

Dickson ME, Sigmund CD. Genetic Basis of Hypertension: Revisiting Angiotensinogen.
Hypertension 2006;48(1):14-20. doi:10.1161/01.HYP.0000227932.13687.60.

Bui AL, Horwich TB, Fonarow GC. Epidemiology and risk profile of heart failure. Nat.

Rev. Cardiol. 2011;8(1):30-41. doi:10.1038/nrcardio.2010.165.

183



15.

16.

17.

18.

19.

20.

21.

22.

23.

Haapanen N, Miilunpalo S, Vuori I, Oja P, Pasanen M. Association of leisure time
physical activity with the risk of coronary heart disease, hypertension and diabetes in
middle-aged men and women. Int. J. Epidemiol. 1997;26(4):739-747.
doi:10.1093/1je/26.4.739.

Spruill TM. Chronic psychosocial stress and hypertension. Curr. Hypertens. Rep.
2010;12(1):10-16. doi:10.1007/s11906-009-0084-8.

Grotto I, Huerta M, Sharabi Y. Hypertension and socioeconomic status. Curr. Opin.
Cardiol. 2008;23(4):335-339. doi:10.1097/HCO.0b013e3283021c70.

Ezzati M, Oza S, Danaei G, Murray CJL. Trends and cardiovascular mortality effects of
state-level blood pressure and uncontrolled hypertension in the United States. Circulation
2008;117(7):905-914. doi:10.1161/CIRCULATIONAHA.107.732131.

Newhouse A, Jiang W. Heart failure and depression. Heart Fail. Clin. 2014;10(2):295-
304. doi:10.1016/j.hfc.2013.10.004.

Kop WJ, Synowski SJ, Gottlieb SS. Depression in heart failure: biobehavioral
mechanisms. Heart Fail. Clin. 2011;7(1):23-38. d0i:10.1016/j.hfc.2010.08.011.
Gnanasekaran G. Epidemiology of Depression in Heart Failure. Heart Fail. Clin.
2011;7(1):1-10. doi:10.1016/j.hfc.2010.08.002.

Coelho R, Ramos S, Prata J, Bettencourt P, Ferreira A, Cerqueira-Gomes M. Heart failure
and health related quality of life. Clin. Pract. Epidemiol. Ment. Health 2005;1:19.
doi:10.1186/1745-0179-1-19.

Klabunde RE. Cardiovascular Physiology Concepts. Lippincott Williams & Wilkins

2004:256. doi:citeulike-article-1d:2086320.

184



24.

25.

26.

27.

28.

29.

30.

31.

Segura AM, Frazier OH, Buja LM. Fibrosis and heart failure. Heart Fail. Rev.
2014;19(2):173-185. doi:10.1007/s10741-012-9365-4.

Broberg CS, Chugh SS, Conklin C, Sahn DJ, Jerosch-Herold M. Quantification of Diffuse
Myocardial Fibrosis and Its Association With Myocardial Dysfunction in Congenital
Heart Disease. Circ. Cardiovasc. Imaging 2010;3(6):727-734.
doi:10.1161/circimaging.108.842096.

Barasch E, Gottdiener JS, Aurigemma G, Kitzman DW, Han J, Kop WJ, Tracy RP.
Association between elevated fibrosis markers and heart failure in the elderly the
cardiovascular health study. Circ. Hear. Fail. 2009;2(4):303-310.
doi:10.1161/CIRCHEARTFAILURE.108.828343.

Aoki T, Fukumoto Y, Sugimura K, Oikawa M, Satoh K, Nakano M, Nakayama M,
Shimokawa H. Prognostic impact of myocardial interstitial fibrosis in non-ischemic heart
failure. -Comparison between preserved and reduced ejection fraction heart failure.-. Circ.
J. 2011;75(11):2605-13. doi:10.1253/circj.CJ-11-0568.

van Nieuwenhoven FA, Turner NA. The role of cardiac fibroblasts in the transition from
inflammation to fibrosis following myocardial infarction. Vascul. Pharmacol.
2013;58(3):182-188. doi:10.1016/j.vph.2012.07.003.

Takeda N, Manabe I. Cellular Interplay between Cardiomyocytes and Nonmyocytes in
Cardiac Remodeling. Int. J. Inflam. 2011;2011:535241. doi:10.4061/2011/535241.
Souders CA, Bowers SLK, Baudino TA. Cardiac fibroblast: The renaissance cell. Circ.
Res. 2009;105(12):1164-1176. doi:10.1161/CIRCRESAHA.109.209809.

Paul M., Poyan Mehr A., Kreutz R. Physiology of local renin-angiotensin systems.

Physiol Rev 2006;86:747-803. doi:10.1152/physrev.00036.2005.

185



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mudd JO, Kass D a. Tackling heart failure in the twenty-first century. Nature
2008;451(7181):919-928. doi:10.1038/nature06798.

Mayet J, Hughes A. Cardiac and vascular pathophysiology in hypertension. Heart
2003;89(9):1104-1109. doi:10.1136/heart.89.9.1104.

Torrent-Guasp F, Kocica MJ, Corno AF, Komeda M, Carreras-Costa F, Flotats A, Cosin-
Aguillar J, Wen H. Towards new understanding of the heart structure and function. Eur. J.
Cardio-thoracic Surg. 2005;27(2):191-201. doi:10.1016/j.ejcts.2004.11.026.

Chopra S, Baby C, Jacob JJ. Neuro-endocrine regulation of blood pressure. Indian J.
Endocrinol. Metab. 2011;15 Suppl 4:S281-8. d0i:10.4103/2230-8210.86860.

Kumar V, Abbas AK, Fausto N. Robbins and Cotran: Pathological Basis of Disease. 7th
ed. Philadelphia: Elsevier Saunders; 2005.

McMurray JJV. Systolic Heart Failure. N. Engl. J. Med. 2010;362(3):228-238.
doi:10.1056/NEJMcp0909392.

Kakkar R, Lee RT. Intramyocardial Fibroblast-Myocyte Communication. Circ. Res.
2010;106(1):47-57. doi:10.1161/CIRCRESAHA.109.207456.Intramyocardial.

Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts and mechanism of cardiac
fibrosis. J Cell Physiol 2010;225(3):631-637. doi:10.1002/jcp.22322.

Kendall RT, Feghali-Bostwick CA. Fibroblasts in fibrosis: Novel roles and mediators.
Front. Pharmacol. 2014;5 MAY (May):1-13. doi:10.3389/fphar.2014.00123.

Borlaug BA, Paulus WJ. Heart failure with preserved ejection fraction: Pathophysiology,
diagnosis, and treatment. Eur. Heart J. 2011;32(6):670-679.

doi:10.1093/eurheartj/ehq426.

186



42.

43.

44,

45.

46.

47.

48.

49.

Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield MM. Trends in
prevalence and outcome of heart failure with preserved ejection fraction. N. Engl. J. Med.
2006;355(3):251-9. doi:10.1056/NEJMo0a052256.

Rose-Jones LJ, Rommel JJ, Chang PP. Heart failure with preserved ejection fraction. An
ongoing enigma. Cardiol. Clin. 2014;32(1):151-161. doi:10.1016/j.cc1.2013.09.006.

Phan TT, Shivu GN, Abozguia K, Davies C, Nassimizadeh M, Jimenez D, Weaver R,
Ahmed I, Frenneaux M. Impaired heart rate recovery and chronotropic incompetence in
patients with heart failure with preserved ejection fraction. Circ. Hear. Fail. 2010;3(1):29-
34. doi:10.1161/CIRCHEARTFAILURE.109.877720.

Aziz F, Tk L-A, Enweluzo C, Dutta S, Zaecem M. Diastolic heart failure: a concise review.
J. Clin. Med. Res. 2013;5(5):327-34. d0i:10.4021/jocmr1532w.

Creemers EE, Pinto YM. Molecular mechanisms that control interstitial fibrosis in the
pressure-overloaded heart. Cardiovasc. Res. 2011;89(2):265-272. doi:10.1093/cvr/cvq308.
Sopel MJ, Rosin NL, Lee TDG, Légaré¢ J-F, Le J, Legare JF. Myocardial fibrosis in
response to Angiotensin II is preceded by the recruitment of mesenchymal progenitor
cells. Lab. Invest. 2010;91(4):565-578. doi:10.1038/labinvest.2010.190.

Diez J, Querejeta R, Lopez B, Gonzalez A, Larman M, Martinez Ubago JL. Losartan-
dependent regression of myocardial fibrosis is associated with reduction of left ventricular
chamber stiffness in hypertensive patients. Circulation 2002;105(21):2512-2517.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/12034658.

Ammarguellat F, Larouche I, Schiffrin EL. Myocardial fibrosis in DOCA-salt
hypertensive rats: effect of endothelin ET(A) receptor antagonism. Circulation

2001;103(2):319-324. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11208696.

187



50.

51.

52.

53.

54.

55.

56.

57.

58.

Kahan T. The importance of myocardial fibrosis in hypertensive heart disease. J
Hypertens 2012;30(4):685-687. doi:10.1097/HJH.0b013e328350e5db00004872-

201204000-00011 [pii].

Fan D, Takawale A, Lee J, Kassiri Z. Cardiac fibroblasts , fibrosis and extracellular matrix

remodeling in heart disease. 2012:1-13.

Van Linthout S, Miteva K, Tsch??pe C. Crosstalk between fibroblasts and inflammatory
cells. Cardiovasc. Res. 2014;102(2):258-269. doi:10.1093/cvr/cvu062.

Zeisberg EM, Kalluri R. Origins of cardiac fibroblasts. Circ. Res. 2010;107(11):1304-12.
doi:10.1161/CIRCRESAHA.110.231910.

Baum J, Duffy HS. Fibroblasts and myofibroblasts: what are we talking about? J.
Cardiovasc. Pharmacol. 2011;57(4):376-9. doi:10.1097/FJC.0b013e3182116¢39.

Kwak H-B. Aging, exercise, and extracellular matrix in the heart. J. Exerc. Rehabil.
2013;9(3):338-47. doi:10.12965/jer.130049.

Rienks M, Papageorgiou AP, Frangogiannis NG, Heymans S. Myocardial extracellular
matrix: An ever-changing and diverse entity. Circ. Res. 2014;114(5):872-888.
doi:10.1161/CIRCRESAHA.114.302533.

Kitzman DW, Little WC, Brubaker PH, Anderson RT, Hundley WG, Marburger CT,
Brosnihan B, Morgan TM, Stewart KP. Pathophysiological characterization of isolated
diastolic heart failure in comparison to systolic heart failure. JAMA 2002;288(17):2144-
2150. doi:10.1001/jama.288.17.2144.

Mewton N, Liu CY, Croisille P, Bluemke D, Lima JAC. Assessment of myocardial
fibrosis with cardiovascular magnetic resonance. J. Am. Coll. Cardiol. 2011;57(8):891-

903. doi:10.1016/j.jacc.2010.11.013.

188



59.

60.

61.

62.

63.

64.

65.

66.

van Amerongen MJ, Harmsen MC, van Rooijen N, Petersen AH, van Luyn MJ a.
Macrophage depletion impairs wound healing and increases left ventricular remodeling
after myocardial injury in mice. Am J Pathol 2007;170(3):818-829.
doi:10.2353/ajpath.2007.060547.

Fujiu K, Wang J, Nagai R. Cardioprotective function of cardiac macrophages. Cardiovasc.
Res. 2014;102(2):232-239. doi:10.1093/cvr/cvu059.

Kitamura M, Shimizu M, Ino H, Okeie K, Yamaguchi M, Funjno N, Mabuchi H,
Nakanishi I. Collagen remodeling and cardiac dysfunction in patients with hypertrophic
cardiomyopathy: the significance of type III and VI collagens. Clin.Cardiol.
2001;24(4):325-329. doi:10.1002/clc.4960240413.

Leask A, Abraham DJ. TGF-beta signaling and the fibrotic response. FASEB J.
2004;18(7):816-27. doi:10.1096/1j.03-1273rev.

Noiseux N, Marquis-Gravel G, Mansour S, Shahzad U, Stewart DJ, Yau TM. The Current
State of Stem Cell Therapeutics: Canadian Approaches in the International Context. Can.
J. Cardiol. 2014;30(11):1361-1369. doi:10.1016/j.cjca.2014.04.031.

Chong JJH, Murry CE. Cardiac regeneration using pluripotent stem cells-Progression to
large animal models. Stem Cell Res. 2014;13(3):654-665. doi:10.1016/j.scr.2014.06.005.
Porrello ER, Olson EN. A neonatal blueprint for cardiac regeneration. Stem Cell Res.
2014;13(3):556-570. doi:10.1016/j.scr.2014.06.003.

Liebson PR. Stem-cell angiogenesis and regeneration of the heart: Review of a saga of 2

decades. Clin. Cardiol. 2015;38(5):309-316. doi:10.1002/clc.2238]1.

189



67.

68.

69.

70.

71.

72.

73.

Lee S, Yoon YS. Revisiting cardiovascular regeneration with bone marrow-derived
angiogenic and vasculogenic cells. Br. J. Pharmacol. 2013;169(2):290-303.
doi:10.1111/5.1476-5381.2012.01857.x.

Rosin NL, Sopel M, Falkenham A, Myers TL, Legare J-F. Myocardial migration by
fibroblast progenitor cells is blood pressure dependent in a model of angll myocardial

fibrosis. Hypertens. Res. 2012;35(4):449-456. doi:10.1038/hr.2011.217.

Haudek SB, Cheng J, Du J, Wang Y, Hermosillo-Rodriguez J, Trial J, Taffet GE, Entman

ML. Monocytic fibroblast precursors mediate fibrosis in angiotensin-II-induced cardiac

hypertrophy. J. Mol. Cell. Cardiol. 2010;49(3):499-507. doi:10.1016/j.yjmcc.2010.05.005.

Duerrschmid C, Crawford JR, Reineke E, Taffet GE, Trial J, Entman ML, Haudek SB.

TNF receptor 1 signaling is critically involved in mediating angiotensin-II-induced cardiac

fibrosis. J. Mol. Cell. Cardiol. 2013;57:59-67. doi:10.1016/j.yjmcc.2013.01.006.
Falkenham A, Sopel M, Rosin N, Lee TDG, Issekutz T, Légaré J-F. Early fibroblast
progenitor cell migration to the Angll-exposed myocardium is not CXCL12 or CCL2
dependent as previously thought. Am. J. Pathol. 2013;183(2):459-69.
doi:10.1016/j.ajpath.2013.04.011.

Falkenham A, De Antueno R, Rosin N, Betsch D, Lee TDG, Duncan R, Légaré J-FF.
Nonclassical resident macrophages are important determinants in the development of
myocardial fibrosis. Am. J. Pathol. 2015;185(4):927-942.
doi:10.1016/j.ajpath.2014.11.027.

Kim S, Iwao H. Molecular and cellular mechanisms of angiotensin II-mediated

cardiovascular and renal diseases. Pharmacol. Rev. 2000;52(1):11-34.

190



74.

75.

76.

77.

78.

79.

80.

Swirski FFK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, Panizzi P,
Figueiredo J-LL, Kohler RH, Chudnovskiy A, Waterman P, Aikawa E, Mempel TR,
Libby P, Weissleder R, Pittet MJ. Identification of splenic reservoir monocytes and their
deployment to inflammatory sites. Science (80-. ). 2009;325(5940):612-616.
doi:10.1126/science.1175202.

Tabibiazar R, Jamali AH, Rockson SG. Formulating clinical strategies for angiotensin
antagonism: a review of preclinical and clinical studies. Am. J. Med. 2001;110(6):471-80.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/11331059. Accessed May 28, 2016.
Schunkert H, Ingelfinger JR, Hirsch AT, Pinto Y, Remme WJ, Jacob H, Dzau VJ.
Feedback regulation of angiotensin converting enzyme activity and mRNA levels by
angiotensin II. Circ. Res. 1993;72(2):312-8. doi:10.1161/01.res.72.2.312.

Mehta PK, Griendling KK. Angiotensin II cell signaling: physiological and pathological
effects in the cardiovascular system. Am. J. Physiol. Cell Physiol. 2007;292(1):C82-97.
doi:10.1152/ajpcell.00287.2006.

Roks AJM, Geel PP Van, Pinto YM, Buikema H, Henning RH, Zeeuw D De, Gilst WH
Van. Renin-Angiotensin System. 2015:296-302.
doi:10.1161/HYPERTENSIONAHA.114.03388.

Ishihata A, Katano Y. Role of angiotensin II and endothelin-1 receptors in aging-related
functional changes in rat cardiovascular system. In: Annals of the New York Academy of
Sciences.Vol 1067.; 2006:173-181. doi:10.1196/annals.1354.021.

Carey RM, Siragy HM. Newly recognized components of the renin-angiotensin system:
Potential roles in cardiovascular and renal regulation. Endocr. Rev. 2003;24(3):261-271.

doi:10.1210/er.2003-0001.

191



81.

82.

&3.

&4.

85.

86.

87.

88.

Volpe M, Azizi M, Danser AHJ, Nguyen G, Ruilope LM. Twisting arms to angiotensin
receptor blockers/antagonists: the turn of cancer. Eur. Heart J. 2011;32(1):19-22.
doi:10.1093/eurheartj/ehq382.

Schmieder RE, Ruilope L-M, Barnett AH. Renal protection with angiotensin receptor
blockers: where do we stand. J. Nephrol. 2011;24(5):569-580.

Abraham HMA, White CM, White WB. The comparative efficacy and safety of the
angiotensin receptor blockers in the management of hypertension and other cardiovascular
diseases. Drug Saf- 2015;38(1):33-54. doi:10.1007/s40264-014-0239-7.

de la Sierra A. Angiotensin receptor blockers in hypertension and cardiovascular diseases.
Cardiovasc. Hematol. Agents Med. Chem. 2006;4(1):67-73.

Maggioni AP. Efficacy of Angiotensin receptor blockers in cardiovascular disease.
Cardiovasc. Drugs Ther. 2006;20(4):295-308. do0i:10.1007/s10557-006-9799-9.
Griendling KK, Ushio-Fukai M, Lassegue B, Alexander RW. Angiotensin II signaling in
vascular smooth muscle. New concepts. Hypertension 1997;29(1 Pt 2):366-73.
doi:10.1161/01.HYP.29.1.366.

Coble JP, Grobe JL, Johnson AK, Sigmund CD. Mechanisms of brain renin angiotensin
system-induced drinking and blood pressure: importance of the subfornical organ. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2015;308(4):R238-49.
doi:10.1152/ajpregu.00486.2014.

Davisson RL, Oliverio MI, Coffman TM, Sigmund CD. Divergent functions of
angiotensin II receptor isoforms in the brain. J. Clin. Invest. 2000;106(1):103-106.

doi:10.1172/JC110022.

192



&9.

90.

91.

92.

93.

94.

95.

Lemari¢ C a, Schiffrin EL. The angiotensin II type 2 receptor in cardiovascular disease. J.
Renin. Angiotensin. Aldosterone. Syst. 2010;11(1):19-31.
doi:10.1177/1470320309347785.

Brasier AR, Recinos A, Eledrisi MS. Vascular inflammation and the renin-angiotensin
system. Arter. Thromb Vasc Biol 2002;22:1257-1266.

Weiss D, Kools JJ, Taylor WR. Angiotensin II-induced hypertension accelerates the
development of atherosclerosis in apoE-deficient mice. Circulation 2001;103:448-454.
doi:10.1161/01.CIR.103.3.448.

Mian MOR, Barhoumi T, Briet M, Paradis P, Schiffrin EL. Deficiency of T-regulatory
cells exaggerates angiotensin II-induced microvascular injury by enhancing immune
responses. J. Hypertens. 2016;34(1):97-108. doi:10.1097/HJH.0000000000000761.

Xu J, Lin S-CC, Chen J, Miao Y, Taffet GE, Entman ML, Wang Y. CCR2 mediates the
uptake of bone marrow-derived fibroblast precursors in angiotensin II-induced cardiac
fibrosis. AJP Hear. Circ. Physiol. 2011;301(2):H538-H547.
doi:10.1152/ajpheart.01114.2010.

Schultz JEJ, Witt SA, Glascock BJ, Nieman ML, Reiser PJ, Nix SL, Kimballand TR,
Doetschman T, Kimball TR, Doetschman T. TGF-B1 mediates the hypertrophic
cardiomyocyte growth induced by angiotensin II. J. Clin. Invest. 2002;109(6):787-796.
doi:10.1172/JC1200214190.

Grife M, Auch-Schwelk W, Zakrzewicz A, Regitz-Zagrosek V, Bartsch P, Graf K, Loebe
M, Gaehtgens P, Fleck E. Angiotensin II-induced leukocyte adhesion on human coronary
endothelial cells is mediated by E-selectin. Circ. Res. 1997;81(5):804-11. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/9351454.

193



96.

97.

98.

99.

100.

101.

102.

Marchesi C, Paradis P, Schiffrin EL. Role of the renin-angiotensin system in vascular
inflammation. Trends Pharmacol. Sci. 2008;29(7):367-374.
doi:10.1016/j.tips.2008.05.003.

Kappert K, Schmidt G, Doerr G, Wollert-Wulf B, Fleck E, Graf K, Wollert-Wulf R.
Angiotensin II and PDGF-BB stimulate B1-Integrin-Mediated adhesion and spreading in
human VSMCs. Hypertension 2000;35(1):255-261. doi:10.1161/01.HYP.35.1.255.
Schnee JM, Hsueh WA. Angiotensin II, adhesion, and cardiac fibrosis. Cardiovasc Res
2000;46(2):264-268. doi:S0008-6363(00)00044-4 [pii].

Alvarez A, Cerda-Nicolas M, Naim Abu Nabah Y, Mata M, Issekutz AC, Panes J, Lobb
RR, Sanz M-J. Direct evidence of leukocyte adhesion in arterioles by angiotensin II.
Blood 2004;104(2):402-408. doi:10.1182/blood-2003-08-2974.

Duerrschmid C, Trial J, Wang Y, Entman ML, Haudek SB. Tumor necrosis factor: A
mechanistic link between angiotensin-II-induced cardiac inflammation and fibrosis. Circ.
Hear. Fail. 2015;8(2):352-361. doi:10.1161/CIRCHEARTFAILURE.114.001893.
Marko L, Kvakan H, Park J-KK, Qadri F, Spallek B, Binger KJ, Bowman EP,
Kleinewietfeld M, Fokuhl V, Dechend R, Miiller DN. Interferon-y signaling inhibition
ameliorates angiotensin ii-induced cardiac damage. Hypertension 2012;60(6):1430-6.
doi:10.1161/HYPERTENSIONAHA.112.199265.

Nahrendorf M, Swirski FK. Monocyte and macrophage heterogeneity in the heart. Circ.

Res. 2013;112(12):1624-1633. doi:10.1161/CIRCRESAHA.113.300890.

194



103.

104.

105.

106.

107.

108.

109.

Waehre A, Halvorsen B, Yndestad A, Husberg C, Sjaastad I, Nygérd S, Dahl CP, Ahmed
MS, Finsen A V, Reims H, Louch WE, Hilfiker-Kleiner D, Vinge LE, Roald B,
Attramadal H, Lipp M, Gullestad L, Aukrust P, Christensen G. Lack of chemokine
signaling through CXCRS5 causes increased mortality, ventricular dilatation and deranged
matrix during cardiac pressure overload. PLoS One 2011;6(4):e18668.
doi:10.1371/journal.pone.0018668.

Bujak M, Frangogiannis N. The role of TGF-f signaling in myocardial infarction and
cardiac remodeling. Cardiovasc Res 2007;74(2):184-195.
doi:10.1016/j.cardiores.2006.10.002.

Sadoshima J, Jahn L, Takahashi T, Kulik TJ, Izumo S. Molecular characterization of the
stretch-induced adaptation of cultured cardiac cells. An in vitro model of load-induced
cardiac hypertrophy. J. Biol. Chem. 1992;267(15):10551-60. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/1534087.

Monassier L, Combe R, Fertak L El. Mouse models of hypertension. Drug Discov. Today
Dis. Model. 2006;3(3):273-281. doi:10.1016/j.ddmod.2006.10.008.

Johns C, Gavras I, Handy DE, Salomao a, Gavras H. Models of experimental
hypertension in mice. Hypertension 1996;28(6):1064-9. doi:10.1161/01.HYP.28.6.1064.
Leong XF, Ng CY, Jaarin K. Animal Models in Cardiovascular Research: Hypertension
and Atherosclerosis. Biomed Res. Int. 2015;2015. doi:10.1155/2015/528757.

Ferrario CM, Strawn WB. Role of the Renin-Angiotensin-Aldosterone System and
Proinflammatory Mediators in Cardiovascular Disease. Am. J. Cardiol. 2006;98(1):121-

128. doi:10.1016/j.amjcard.2006.01.059.

195



110.

111.

112.

113.

114.

115.

116.

117.

Benigni A, Cassis P, Remuzzi G. Angiotensin II revisited: New roles in inflammation,
immunology and aging. EMBO Mol. Med. 2010;2(7):247-257.
doi:10.1002/emmm.201000080.

Dagenais NJ, Jamali F. Protective effects of angiotensin II interruption: Evidence for
antiinflammatory actions. Pharmacotherapy 2005;25(9):1213-1229.
doi:http://dx.doi.org/10.1592/phco.2005.25.9.1213.

Montecucco F, Pende A, MacH F. The renin-angiotensin system modulates inflammatory
processes in atherosclerosis: Evidence from basic research and clinical studies. Mediators
Inflamm. 2009;2009. doi:10.1155/2009/752406.

Ruiz-Ortega M, Rupérez M, Esteban V, Rodriguez-Vita J, Sdnchez-Lopez E, Carvajal G,
Egido J. Angiotensin II: A key factor in the inflammatory and fibrotic response in kidney
diseases. Nephrol. Dial. Transplant. 2006;21(1):16-20. doi:10.1093/ndt/gfi265.
Ruiz-Ortega M, Lorenzo O, Suzuki Y, Rupérez M, Egido J. Proinflammatory actions of
angiotensins. Curr. Opin. Nephrol. Hypertens. 2001;10(3):321-9. doi:10.1097/00041552-
200105000-00005.

Phillips MI, Kagiyama S. Angiotensin II as a pro-inflammatory mediator. Curr. Opin.
Investig. Drugs 2002;3(4):569-577.

Schmidt-Ott KM, Kagiyama S, Phillips MI. The multiple actions of angiotensin II in
atherosclerosis. Regul. Pept. 2000;93(1-3):65-77. doi:10.1016/S0167-0115(00)00178-6.
Suzuki Y, Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V, Egido J. Inflammation and
angiotensin II. Int. J. Biochem. Cell Biol. 2003;35(6):881-900. doi:10.1016/S1357-

2725(02)00271-6.

196



118.

119.

120.

121.

122.

123.

Xie J-Y, Chen N, Ren H, Wang W-M. Angiotensin I[I-mediated activation of fibrotic
pathways through ERK1/2 in rat peritoneal mesothelial cells. Ren. Fail. 2010;32(7):871-9.
doi:10.3109/0886022X.2010.494807.

Rasini E, Cosentino M, Marino F, Legnaro M, Ferrari M, Guasti L, Venco A, Lecchini S.
Angiotensin II type 1 receptor expression on human leukocyte subsets: A flow cytometric
and RT-PCR study. Regul. Pept. 2006;134(2-3):69-74. doi:10.1016/j.regpep.2006.01.007.
Gelinas L, Falkenham A, Oxner A, Sopel M, Légaré J-F, Legare JF. Highly purified
human peripheral blood monocytes produce IL-6 but not TNF {alpha} in response to
angiotensin 1. J. Renin. Angiotensin. Aldosterone. Syst. 2011;12(3):295-303.
doi:10.1177/1470320310391332.

MaF, LiY,JiaL, Han Y, Cheng J, Li H, Qi Y, Du J. Macrophage-stimulated cardiac
fibroblast production of IL-6 is essential for TGF /Smad activation and cardiac fibrosis
induced by angiotensin II. Huang Y, ed. PLoS One 2012;7(5):e35144.
doi:10.1371/journal.pone.0035144.

Ishibashi M, Hiasa KI, Zhao Q, Inoue S, Ohtani K, Kitamoto S, Tsuchihashi M, Sugaya T,
Charo IF, Kura S, Tsuzuki T, Ishibashi T, Takeshita A, Egashira K. Critical role of
monocyte chemoattractant protein-1 receptor CCR2 on monocytes in hypertension-
induced vascular inflammation and remodeling. Circ. Res. 2004;94(9):1203-1210.
doi:10.1161/01.RES.0000126924.23467.A3.

Dai Q, Xu M, Yao M, Sun B. Angiotensin AT1 receptor antagonists exert anti-
inflammatory effects in spontaneously hypertensive rats. Br. J. Pharmacol.

2007;152(April):1042-1048. doi:10.1038/sj.bjp.0707454.

197



124.

125.

126.

127.

128.

129.

Kossmann S, Schwenk M, Hausding M, Karbach SH, Schmidgen MI, Brandt M, Knorr M,
Hu H, Kroller-Schon S, Schonfelder T, Grabbe S, Oelze M, Daiber A, Miinzel T, Becker
C, Wenzel P. Angiotensin ii-induced vascular dysfunction depends on interferon-y- driven
immune cell recruitment and mutual activation of monocytes and nk-cells. Arterioscler.
Thromb. Vasc. Biol. 2013;33(6):1313-1319. doi:10.1161/ATVBAHA.113.301437.

LiY, Zhang C, Wu Y, Han Y, Cui W, Jia L, Cai L, Cheng J, Li H, Du J. Interleukin-
12p35 deletion promotes CD4 T-cell-dependent macrophage differentiation and enhances
angiotensin II-Induced cardiac fibrosis. Arterioscler. Thromb. Vasc. Biol.
2012;32(7):1662-74. doi:10.1161/ATVBAHA.112.249706.

Sprague AH, Khalil RA. Inflammatory cytokines in vascular dysfunction and vascular
disease. Biochem. Pharmacol. 2009;78(6):539-552. doi:10.1016/7.bcp.2009.04.029.

Chen XL, Tummala PE, Olbrych MT, Alexander RW, Medford RM. Angiotensin II
induces monocyte chemoattractant protein-1 gene expression in rat vascular smooth
muscle cells. Circ. Res. 1998;83(9):952-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9797345.

Kim JA, Berliner JA, Nadler JL. Angiotensin II Increases Monocyte Binding to
Endothelial Cells known to play an important role in the regulation of blood pressure and
body fluid homeostasis . increasing growth factor and cellular matrix synthesis in vascular
smooth muscle cells ( 1-4). 1996;868:862-868.

Hahn a W, Jonas U, Biihler FR, Resink TJ. Activation of human peripheral monocytes by
angiotensin II. FEBS Lett 1994;347(2-3):178-180. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/7518396.

198



130. Soehnlein O, Schmeisser A, Cicha I, Reiss C, Ulbrich H, Lindbom L, Daniel WG,
Garlichs CD. ACE inhibition lowers angiotensin-II-induced monocyte adhesion to
HUVEC by reduction of p65 translocation and AT 1 expression. J. Vasc. Res.
2005;42(5):399-407. doi:10.1159/000087340.

131. Bodor C, Nagy JP, Végh B, Németh A, Jenei A, MirzaHosseini S, Sebe A, Rosivall L.
Angiotensin II increases the permeability and PV-1 expression of endothelial cells. Am. J.
Physiol. Cell Physiol. 2012;302(1):C267-76. doi:10.1152/ajpcell.00138.2011.

132. Williams B, Baker AQ, Gallacher B, Lodwick D. Angiotensin II increases vascular
permeability factor gene expression by human vascular smooth muscle cells.
Hypertension 1995;25(5):913-7. doi:10.1161/01.HYP.25.5.913.

133. Leask A. Potential therapeutic targets for cardiac fibrosis: TGFbeta, angiotensin,
endothelin, CCN2, and PDGF, partners in fibroblast activation. Circ. Res.
2010;106(11):1675-80. doi:10.1161/CIRCRESAHA.110.217737.

134. Campbell SE, Katwa LC. Angiotensin II stimulated expression of transforming growth
factor-betal in cardiac fibroblasts and myofibroblasts. J. Mol. Cell. Cardiol.
1997;29:1947-1958. doi:10.1006/jmcc.1997.0435.

135. Dobaczewski M, Chen W, Frangogiannis NG. Transforming growth factor (TGF)-beta
signaling in cardiac remodeling. J Mol Cell Cardiol 2011;51(4):600-606.
do0i:10.1016/j.yjmce.2010.10.033.

136. Weber KT, Sun Y, Bhattacharya SK, Ahokas R a, Gerling IC. Myofibroblast-mediated
mechanisms of pathological remodelling of the heart. Nat. Rev. Cardiol. 2013;10(1):15-

26. doi:10.1038/nrcardio.2012.158.

199



137.

138.

139.

140.

141.

142.

Ghosh AK, Bradham WS, Gleaves LA, De Taeye B, Murphy SB, Covington JW,
Vaughan DE. Genetic deficiency of plasminogen activator inhibitor-1 promotes cardiac
fibrosis in aged mice: Involvement of constitutive transforming growth factor-?? signaling
and endothelial-to-mesenchymal transition. Circulation 2010;122(12):1200-1209.
doi:10.1161/CIRCULATIONAHA.110.955245.

Rosin NL, Sopel MJ, Falkenham A, Lee TDG, Légaré J-F. Disruption of collagen
homeostasis can reverse established age-related myocardial fibrosis. Am. J. Pathol.
2015;185(3):631-42. doi:10.1016/j.ajpath.2014.11.009.

Tsutsumi Y, Matsubara H, Ohkubo N, Mori Y, Nozawa Y, Murasawa S, Kijima K,
Maruyama K, Masaki H, Moriguchi Y, Shibasaki Y, Kamihata H, Inada M, Iwasaka T.
Angiotensin II type 2 receptor is upregulated in human heart with interstitial fibrosis, and
cardiac fibroblasts are the major cell type for its expression. Circ. Res. 1998;83(10):1035-
1046. doi:10.1161/01.RES.83.10.1035.

Watson S, Burnside T, Carver W. Angiotensin II-stimulated collagen gel contraction by
heart fibroblasts: Role of the AT1 receptor and tyrosine kinase activity. J. Cell. Physiol.
1998;177(2):224-231. doi:10.1002/(SICI)1097-4652(199811)177:2<224::AID-
JCP4>3.0.CO;2-P.

Gurantz D, Cowling RT, Varki N, Frikovsky E, Moore CD, Greenberg BH. IL-1beta and
TNF-alpha upregulate angiotensin II type 1 (AT1) receptors on cardiac fibroblasts and are
associated with increased AT1 density in the post-MI heart. J. Mol. Cell. Cardiol.
2005;38(3):505-15. doi:10.1016/j.yjmcc.2004.12.015.

Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol 2008;214(2):199-210.

doi:10.1002/path.2277.

200



143.

144.

145.

146.

147.

148.

Lee a a, Dillmann WH, McCulloch a D, Villarreal FJ. Angiotensin II stimulates the
autocrine production of transforming growth factor-beta 1 in adult rat cardiac fibroblasts.
J. Mol. Cell. Cardiol. 1995;27:2347-2357. doi:10.1016/S0022-2828(95)91983-X.

Bastos KRB, Alvarez JM, Marinho CRF, Rizzo L V., D’Imperio Lima MR. Macrophages
from IL-12p40-deficient mice have a bias toward the M2 activation profile. J. Leukoc.
Biol. 2002;71(2):271-278. Available at: http://www.jleukbio.org/content/71/2/271.full.
Accessed January 15, 2015.

Lech M, Anders HJ. Macrophages and fibrosis: How resident and infiltrating mononuclear
phagocytes orchestrate all phases of tissue injury and repair. Biochim. Biophys. Acta -
Mol. Basis Dis. 2013;1832(7):989-997. doi:10.1016/j.bbadis.2012.12.001.

Weinberger T, Schulz C. Myocardial infarction: a critical role of macrophages in cardiac
remodeling. Front. Physiol. 2015;6(April):107. doi:10.3389/fphys.2015.00107.
Harel-Adar T, Ben Mordechai T, Amsalem Y, Feinberg MS, Leor J, Cohen S. Modulation
of cardiac macrophages by phosphatidylserine-presenting liposomes improves infarct
repair. Proc. Natl. Acad. Sci. U. S. A. 2011;108(5):1827-32.
doi:10.1073/pnas.1015623108.

Murray LA, Chen Q, Kramer MS, Hesson DP, Argentieri RL, Peng X, Gulati M, Homer
RJ, Russell T, van Rooijen N, Elias JA, Hogaboam CM, Herzog EL, Biology C, Murray
LA, Chen Q, Kramer MS, Hesson DP, Argentieri RL, Peng X, Gulati M, Homer RJ,
Russell T, Rooijen N Van, Elias JA, Hogaboam CM, Herzog EL. TGF-beta driven lung
fibrosis is macrophage dependent and blocked by Serum amyloid P. Int J Biochem Cell

Biol 2011;43(1):154-162. doi:S1357-2725(10)00373-0 [pii]10.1016/j.biocel.2010.10.013.

201



149.

150.

151.

152.

153.

154.

155.

Chou DH, Lee W, McCulloch CA. TNF-alpha inactivation of collagen receptors:
implications for fibroblast function and fibrosis. J. Immunol. 1996;156(11):4354-62.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/8666807.

Sullivan DE, Ferris M, Nguyen H, Abboud E, Brody AR. TNF-alpha induces TGF-betal
expression in lung fibroblasts at the transcriptional level via AP-1 activation. J. Cell. Mol.
Med. 2009;13(8B):1866-76. doi:10.1111/j.1582-4934.2009.00647 .x.

Battegay EJ, Raines EW, Colbert T, Ross R. TNF-alpha stimulation of fibroblast
proliferation. Dependence on platelet-derived growth factor (PDGF) secretion and
alteration of PDGF receptor expression. J. Immunol. 1995;154(11):6040-7.
doi:10.1007/s12011-011-9176-9.

Fredj S, Bescond J, Louault C, Delwail A, Lecron J-C, Potreau D. Role of interleukin-6 in
cardiomyocyte/cardiac fibroblast interactions during myocyte hypertrophy and fibroblast
proliferation. J. Cell. Physiol. 2005;204(2):428-436. doi:10.1002/jcp.20307.

Kanda T, Takahashi T. Interleukin-6 and cardiovascular diseases. Jpn. Heart J.
2004;45(2):183-193.

Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo J-LL,
Libby P, Weissleder R, Pittet MJ. The healing myocardium sequentially mobilizes two
monocyte subsets with divergent and complementary functions. J. Exp. Med.
2007;204(12):3037-47. doi:10.1084/jem.20070885.

Rosin NL, Falkenham A, Sopel MJ, Lee TD, Legare JF. Regulation and Role of
Connective Tissue Growth Factor in Angll-Induced Myocardial Fibrosis. Am J Pathol

2012. doi:10.1016/j.ajpath.2012.11.014.

202



156. Weber KT. From Inflammation to Fibrosis: A Stiff Stretch of Highway. Hypertension
2004;43(4):716-719. doi:10.1161/01.HYP.0000118586.38323.5b.

157. Pinto AR, Paolicelli R, Salimova E, Gospocic J, Slonimsky E, Bilbao-Cortes D, Godwin
JW, Rosenthal N a. An abundant tissue macrophage population in the adult murine heart
with a distinct alternatively-activated macrophage profile. PLoS One 2012;7(5):¢36814.
doi:10.1371/journal.pone.0036814.

158. Kain D, Amit U, Yagil C, Landa N, Naftali-Shani N, Molotski N, Aviv V, Feinberg MS,
Goitein O, Kushnir T, Konen E, Epstein FH, Yagil Y, Leor J. Macrophages dictate the
progression and manifestation of hypertensive heart disease. Int. J. Cardiol.
2016;203:381-395. doi:10.1016/j.ijcard.2015.10.126.

159. Aurora AB, Porrello ER, Tan W, Mahmoud Al Hill JA, Bassel-Duby R, Sadek HA,
Olson EN. Macrophages are required for neonatal heart regeneration. J. Clin. Invest.
2014;124(3):1382-92. doi:10.1172/JCI72181.

160. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat.
Rev. Immunol. 2011;11(11):723-737. doi:Doi 10.1038/Nri3073.

161. Glezeva N, Horgan S, Baugh JA. Monocyte and macrophage subsets along the continuum
to heart failure: Misguided heroes or targetable villains? J. Mol. Cell. Cardiol.
2015;89:136-145. doi:10.1016/j.yjmcc.2015.10.029.

162. Wong KL, Yeap WH, Tai JIY, Ong SM, Dang TM, Wong SC. The three human
monocyte subsets: implications for health and disease. Immunol. Res. 2012;53(1-3):41-57.

doi:10.1007/s12026-012-8297-3.

203



163.

164.

165.

166.

167.

168.

169.

170.

Strauss-Ayali D, Conrad SM, Mosser DM. Monocyte subpopulations and their
differentiation patterns during infection. J. Leukoc. Biol. 2007;82(2):244-52.
doi:10.1189/j1b.0307191.

Grage-Griebenow E, Flad HD, Ernst M. Heterogeneity of human peripheral blood
monocyte subsets. J. Leukoc. Biol. 2001;69(1):11-20. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11200054.

Sunderkétter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, Drevets DA, Leenen
PJM, Sunderkotter C. Subpopulations of mouse blood monocytes differ in maturation
stage and inflammatory response. J. Immunol. 2004;172(7):4410-7. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15034056.

Zawada AM, Rogacev KS, Rotter B, Winter P, Marell RR, Fliser D, Heine GH.
SuperSAGE evidence for CD14++CD16+ monocytes as a third monocyte subset. Blood
2011;118(12):e50-61. doi:10.1182/blood-2011-01-326827.

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat. Rev.
Immunol. 2008;8(12):958-69. doi:10.1038/nri2448.

Cassetta L, Cassol E, Poli G. Macrophage polarization in health and disease.
ScientificWorldJournal. 2011;11:2391-402. doi:10.1100/2011/213962.

Laskin DL, Sunil VR, Gardner CR, Laskin JD. Macrophages and tissue injury: agents of
defense or destruction? Annu. Rev. Pharmacol. Toxicol. 2011;51:267-88.
doi:10.1146/annurev.pharmtox.010909.105812.

Gordon S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003;3(1):23-35.

do1:10.1038/nr1978.

204



171.

172.

173.

174.

175.

176.

177.

178.

179.

Shen Z, Lu M, Duan S, Duan S. Macrophage Polarization and Inflammation at the
Interface of Cardiovascular Disease and Metabolism. Am. Chinese J. Med. Sci.
2011;4(4):191. doi:10.7156/v4i4p191.

Martinez FO, Helming L, Gordon S. Alternative activation of macrophages: an
immunologic functional perspective. Annu. Rev. Immunol. 2009;27(December 2008):451-
83. doi:10.1146/annurev.immunol.021908.132532.

Lambert JMJM, Lopez EFEF, Lindsey MLML. Macrophage roles following myocardial
infarction. Int. J. Cardiol. 2008;130(2):147-158.
doi:10.1016/j.ijcard.2008.04.059.Macrophage.

Wynn T a, Chawla A, Pollard JW. Macrophage biology in development, homeostasis and
disease. Nature 2013;496(7446):445-55. doi:10.1038/nature12034.

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for
reassessment. F'/000Prime Rep. 2014;6:13. doi:10.12703/P6-13.

Gordon S, Pliddemann A, Martinez Estrada F. Macrophage heterogeneity in tissues:
phenotypic diversity and functions. Immunol. Rev. 2014;262(1):36-55.
doi:10.1111/imr.12223.

Vega MA, Corbi AL. Human macrophage activation : Too many functions and
phenotypes for a single cell type. 2006;25:248-272.

Peng H, Herzog EL. Fibrocytes: emerging effector cells in chronic inflammation. Curr
Opin Pharmacol 2012;12(4):491-496. doi:10.1016/j.coph.2012.03.002.

Pilling D, Fan T, Huang D, Kaul B, Gomer RH, Rénia L. Identification of markers that
distinguish monocyte-derived fibrocytes from monocytes, macrophages, and fibroblasts.

PLoS One 2009;4(10):€7475. doi:10.1371/journal.pone.0007475 [doi].

205



180.

181.

182.

183.

184.

185.

186.

Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: Phenotypical vs.
functional differentiation. Front. Immunol. 2014;5(0CT):1-22.
doi:10.3389/fimmu.2014.00514.

Frangogiannis NG. Targeting the inflammatory response in healing myocardial infarcts.
Curr. Med. Chem. 2006;13(16):1877-93. d0i:10.2174/092986706777585086.

Dewald O, Zymek P, Winkelmann K, Koerting A, Ren G, Abou-Khamis T, Michael LH,
Rollins BJ, Entman ML, Frangogiannis NG. CCL2/Monocyte Chemoattractant Protein-1
regulates inflammatory responses critical to healing myocardial infarcts. Circ Res
2005;96(8):881-889. doi:10.1161/01.RES.0000163017.13772.3a.

Economou E, Tousoulis D, Katinioti A, Stefanadis C, Trikas A, Pitsavos C, Tentolouris C,
Toutouza MG, Toutouzas P. Chemokines in patients with ischaemic heart disease and the
effect of coronary angioplasty. Int J Cardiol 2001;80(1):55-60.

Shi C, Pamer EG. Monocyte recruitment during infection and inflammation. Nat. Rev.
Immunol. 2011;11(11):762-74. doi:10.1038/nri3070.

Lodge-Patch I. The Aging of Cardiac Infarcts, and Its Influence on Cardiac Rupture. Br.
Heart J. 1951;13:37-42. do0i:10.1136/hrt.13.1.37.

van der Laan AM, Ter Horst EN, Delewi R, Begieneman MP V, Krijnen PAJ, Hirsch A,
Lavaei M, Nahrendorf M, Horrevoets AJ, Niessen HWM, Piek JJ. Monocyte subset
accumulation in the human heart following acute myocardial infarction and the role of the

spleen as monocyte reservoir. Eur. Heart J. 2013. doi:10.1093/eurheartj/eht331.

206



187.

188.

189.

190.

191.

192.

Li L, Huang L, Sung SS, Vergis AL, Rosin DL, Rose Jr. CE, Lobo PI, Okusa MD. The
chemokine receptors CCR2 and CX3CR1 mediate monocyte/macrophage trafficking in
kidney ischemia-reperfusion injury. Kidney Int 2008;74(12):1526-1537.
doi:10.1038/ki.2008.500.

Clover AJ, Kumar AH, Caplice NM. Deficiency of CX3CR1 delays burn wound healing
and is associated with reduced myeloid cell recruitment and decreased sub-dermal
angiogenesis. Burns 2011;37(8):1386-1393. doi:10.1016/j.burns.2011.08.001.

Arai M, Ikawa Y, Chujo S, Hamaguchi Y, Ishida W, Shirasaki F, Hasegawa M, Mukaida
N, Fujimoto M, Takehara K. Chemokine receptors CCR2 and CX3CR1 regulate skin
fibrosis in the mouse model of cytokine-induced systemic sclerosis. J. Dermatol. Sci.
2013;69(3):250-8. doi:10.1016/j.jdermsci.2012.10.010.

Ishida Y, Gao J-LL, Murphy PM. Chemokine receptor CX3CR1 mediates skin wound
healing by promoting macrophage and fibroblast accumulation and function. J. Immunol.
2008;180(1):569-79. doi:180/1/569 [pii].

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with
distinct migratory properties. Immunity 2003;19(1):71-82. doi:10.1016/S1074-
7613(03)00174-2.

Husberg C, Nygard S, Finsen AAV, Nygéard S, Finsen AAV, Damés JK, Frigessi A, Oie
E, Wahre A, Gullestad L, Aukrust P, Yndestad A, Christensen G. Cytokine expression
profiling of the myocardium reveals a role for CX3CL1 (fractalkine) in heart failure. J.

Mol. ... 2008;45(2):261-269. doi:10.1016/j.yjmcc.2008.05.009.

207



193.

194.

Jacquelin S, Licata F, Dorgham K, Hermand P, Poupel L, Guyon E, Deterre P, Hume DA,
Combadiere C, Boissonnas A, Auffray C, Fogg D, Narni-Mancinelli E, Shi C, Pamer E,
Stout R, Suttles J, Hume DA, Geissmann F, Manz M, Jung S, Sieweke M, Merad M, Ley
K, Salem M, Al-Khami A, El-Naggar S, Diaz-Montero C, Chen Y, Cole D, Nakahara T,
Uchi H, Lesokhin A, Medina-Echeverz J, Fioravanti J, Zabala M, Ardaiz N, Prieto J,
Berraondo P, Gordon S, Taylor P, Serbina N, Pamer E, Tsou C, Peters W, Si Y,
Nahrendorf M, Swirski F, Aikawa E, Swirski F, Nahrendorf M, Etzrodt M, Garton K,
Gough P, Blobel C, Murphy G, Greaves D, Dempsey P, Raines E, Boring L, Gosling J,
Chensue S, Kunkel S, Farese R, Broxmeyer H, Charo I, Bazan J, Bacon K, Hardiman G,
Fong A, Robinson L, Steeber D, Tedder T, Yoshie O, Imai T, Patel D, Hermand P, Pincet
F, Carvalho S, Pan Y, Lloyd C, Zhou H, Imai T, Hieshima K, Haskell C, Kim K, Vallon-
Eberhard A, Zigmond E, Auffray C, Fogg D, Garfa M, Jung S, Aliberti J, Graemmel P,
Sunshine M, Kreutzberg G, Sher A, Littman D, et al. CX3CR1 reduces Ly6Chigh-
monocyte motility within and release from the bone marrow after chemotherapy in mice.
Blood 2013;122(5):674-83. doi:10.1182/blood-2013-01-480749.

Zheng J, Yang M, Shao J, Miao Y, Han J, Du J. Chemokine receptor CX3CR1 contributes
to macrophage survival in tumor metastasis. Mol. Cancer 2013;12(1):141.

doi:10.1186/1476-4598-12-141.

208



195. Medina-Contreras O, Geem D, Laur O, Williams IRI, Lira SA, Nusrat A, Parkos CA,
Denning TLTTL, Janeway C, Medzhitov R, Duchmann R, Kaiser I, Hermann E, Mayet
W, Ewe K, Buschenfelde KM zum, Izcue A, Coombes J, Powrie F, Macdonald T,
Monteleone I, Fantini M, Monteleone G, Abraham C, Medzhitov R, Jang M, Iwata M,
Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song S, Mora J, Mucida D, Coombes J,
Sun C, Niess J, Harrison J, Rescigno M, Denning TLTTL, Wang Y, Patel S, Williams IRI,
Pulendran B, Schulz O, Pabst O, Bernhardt G, Denning TLTTL, Vallon-Eberhard A,
Landsman L, Yogev N, Verrier B, Jung S, Chieppa M, Rescigno M, Huang A, Germain R,
Niess J, Adler G, Combadiere C, Smythies L, Rescigno M, Qualls J, Kaplan A, Rooijen N
van, Cohen D, Hunter M, Muehlhoefer A, Buonocore S, Varol C, Varol C, Bogunovic M,
Gordon S, Taylor P, Nakache M, Berg E, Streeter P, Butcher E, Zabel B, Mora J, Platt A,
Bain C, Bordon Y, Sester D, Mowat A, Weber B, Saurer L, Schenk M, Dickgreber N,
Mueller C, Hadis U, Kamada N, Murai M, Laukoetter M, Kostadinova F, Baba T, Ishida
Y, Kondo T, et al. CX3CRI regulates intestinal macrophage homeostasis, bacterial
translocation, and colitogenic Th17 responses in mice. J Clin Invest 2011;121(12):4787-

4795. doi:10.1172/JCI159150.

209



196.

197.

198.

Lionakis MS, Swamydas M, Fischer BG, Plantinga TS, Johnson MD, Jaeger M, Green
NM, Masedunskas A, Weigert R, Mikelis C, Wan W, Lee C-CR, Lim JK, Rivollier A,
Yang JC, Laird GM, Wheeler RT, Alexander BD, Perfect JR, Gao J-L, Kullberg B-J,
Netea MG, Murphy PM, Zaoutis T, Argon J, Chu J, Berlin J, Walsh T, Feudtner C, Horn
D, Miller L, Hajjeh R, Edwards J, Wilson L, Reyes C, Stolpman M, Speckman J, Allen K,
Beney J, Spellberg B, Ibrahim A, Edwards J, Filler S, Louria D, Stiff D, Bennett B,
Sabesin S, Pappas P, Lionakis M, Lim J, Lee C, Murphy P, Romani L, Mencacci A, Cenci
E, Sero G Del, Bistoni F, Puccetti P, Qian Q, Jutila M, Rooijen N Van, Cutler J, Lionakis
M, Netea M, Lionakis M, Legrand F, Brown G, Murphy P, Geissmann F, Jung S, Littman
D, Yang X, Jamieson W, Shimizu S, D’ Ambrosio J, Meucci O, Fatatis A, Jung S, Kim K,
Chandrasekar B, Fong A, White G, Tan T, John A, Whatling C, McPheat W, Greaves D,
Jenkins S, Boehme S, Lio F, Maciejewski-Lenoir D, Bacon K, Conlon P, White G,
Greaves D, Johnnidis J, McDermott D, Plantinga T, et al. CX3CR1-dependent renal
macrophage survival promotes Candida control and host survival. J. Clin. Invest.
2013;123(12):5035-5051. doi:10.1172/JCI71307.

Frantz S, Nahrendorf M. Cardiac macrophages and their role in ischaemic heart disease.
Cardiovasc. Res. 2014;102(2):240-248. doi:10.1093/cvr/cvu025.

Yona S, Jung S. Monocytes: subsets, origins, fates and functions. Curr. Opin. Hematol.

2010;17(1):53-9. doi:10.1097/MOH.0b013e3283324180.

210



199.

200.

201.

202.

203.

204.

Bruck W, Huitinga I, Dijkstra CD. Liposome-mediated monocyte depletion during
wallerian degeneration defines the role of hematogenous phagocytes in myelin removal. J
Neurosci Res 1996;46(4):477-484. doi:10.1002/(SICI)1097-
4547(19961115)46:4<477::AID-JNR9>3.0.CO;2-D [pii]10.1002/(SICI)1097-
4547(19961115)46:4&1t;477:: AID-INR9&gt;3.0.CO;2-D.

Zito MA, Koennecke LA, McAuliffe MJ, McNally B, van Rooijen N, Heyes MP.
Depletion of systemic macrophages by liposome-encapsulated clodronate attenuates
striatal macrophage invasion and neurodegeneration following local endotoxin infusion in
gerbils. Brain Res 2001;892(1):13-26. doi:S0006-8993(00)03135-8 [pii].

van Rooijen N, van Kesteren-Hendrikx E. Clodronate liposomes: perspectives in research
and therapeutics. J Liposome Res 2002;12(1-2):81-94. doi:10.1081/LPR-
120004780120004780 [pii].

Ferenbach D a, Sheldrake T a, Dhaliwal K, Kipari TMJ, Marson LP, Kluth DC, Hughes J.
Macrophage/monocyte depletion by clodronate, but not diphtheria toxin, improves renal
ischemia/reperfusion injury in mice. Kidney Int. 2012;82(8):928-33.
doi:10.1038/ki.2012.207.

Mirza R, DiPietro LA, Koh TJ. Selective and specific macrophage ablation is detrimental
to wound healing in mice. Am J Pathol 2009;175(6):2454-2462. doi:S0002-
9440(10)60754-7 [pii]10.2353/ajpath.2009.090248.

Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional Profiling of the Human
Monocyte-to-Macrophage Differentiation and Polarization: New Molecules and Patterns
of Gene Expression. J. Immunol. 2006;177(10):7303-7311.

do0i:10.4049/jimmunol.177.10.7303.

211



205.

206.

207.

208.

209.

210.

211.

Bouhlel MA, Derudas B, Rigamonti E, Diévart R, Brozek J, Haulon S, Zawadzki C, Jude
B, Torpier G, Marx N, Staels B, Chinetti-Gbaguidi G, Dievart R. PPARgamma activation
primes human monocytes into alternative M2 macrophages with anti-inflammatory
properties. Cell Metab 2007;6(2):137-143. doi:10.1016/j.cmet.2007.06.010.

Mantovani A, Sica A, Locati M, Mantovani, A, Sica, A, Locati M. Macrophage
polarization comes of age. Immunity 2005;23(4):344-6.
doi:10.1016/j.immuni.2005.10.001.

Rey-Giraud F, Hafner M, Ries CH. In vitro generation of monocyte-derived macrophages
under serum-free conditions improves their tumor promoting functions. Rojas M, ed.
PLoS One 2012;7(8):¢42656. doi:10.1371/journal.pone.0042656.

McWhorter FY, Wang T, Nguyen P, Chung T, Liu WF. Modulation of macrophage
phenotype by cell shape. Proc. Natl. Acad. Sci. U. S. A. 2013;110(43):17253-8.
doi:10.1073/pnas.1308887110.

Yamamoto S, Yancey PG, Zuo Y, Ma L-J, Kaseda R, Fogo AB, Ichikawa I, Linton MF,
Fazio S, Kon V. Macrophage Polarization by Angiotensin II-Type 1 Receptor Aggravates
Renal Injury-Acceleration of Atherosclerosis. doi:10.1161/ATVBAHA.111.237198.

Ma L-J, Corsa BA, Zhou J, Yang H, Li H, Tang Y-W, Babaev VR, Major AS, Linton MF,
Fazio S, Hunley TE, Kon V, Fogo AB. Angiotensin type 1 receptor modulates
macrophage polarization and renal injury in obesity. Am. J. Physiol. Renal Physiol.
2011;300(5):F1203-13. doi:10.1152/ajprenal.00468.2010.

Wermuth PJ, Jimenez SA. The significance of macrophage polarization subtypes for
animal models of tissue fibrosis and human fibrotic diseases. Clin. Transl. Med. 2015;4:2.

doi:10.1186/s40169-015-0047-4.

212



212.

213.

214.

215.

216.

217.

218.

219.

Rosin DL, Okusa MD. Dangers Within: DAMP Responses to Damage and Cell Death in
Kidney Disease. J. Am. Soc. Nephrol. 2011;22(3):416-425.
doi:10.1681/ASN.2010040430.

Kono H, Rock KL. How dying cells alert the immune system to danger. Nat. Rev.
Immunol. 2008;8(4):279-289. doi:10.1038/nri2215.

De Batista PR, Palacios R, Martin A, Hernanz R, Médici CT, Silva MASC, Rossi EM,
Aguado A, Vassallo D V, Salaices M, Alonso MJ. Toll-like receptor 4 upregulation by
angiotensin II contributes to hypertension and vascular dysfunction through reactive
oxygen species production. PLoS One 2014;9(8):e104020.
doi:10.1371/journal.pone.0104020.

Wang Y, LiY, WuY, Jia L, Wang J, Xie B, Hui M, Du J. 5TNF-a and IL-1f3
neutralization ameliorates angiotensin II-induced cardiac damage in male mice.
Endocrinology 2014;155(7):2677-87. doi:10.1210/en.2013-2065.

Holt DJ, Chamberlain LM, Grainger DW. Cell-cell signaling in co-cultures of
macrophages and fibroblasts. Biomaterials 2011;31(36):9382-9394.
doi:10.1016/j.biomaterials.2010.07.101.Cell-cell.

Krstic J, Santibanez JF, Krstic J, Santibanez JF. Transforming Growth Factor-Beta and
Matrix Metalloproteinases: Functional Interactions in Tumor Stroma-Infiltrating Myeloid
Cells. Sci. World J. 2014;2014:1-14. doi:10.1155/2014/521754.

Annes JP, Munger JS, Ritkin DB. Making sense of latent TGFbeta activation. J. Cell Sci.
2003;116(Pt 2):217-24. doi:10.1242/jcs.00229.

Wynn TA, Barron L. Macrophages: Master regulators of inflammation and fibrosis.

Semin. Liver Dis. 2010;30(3):245-257. doi:10.1055/s-0030-1255354.

213



220.

221.

222.

223.

224.

225.

Moore JP, Vinh A, Tuck KL, Sakkal S, Krishnan SM, Chan CT, Lieu M, Samuel CS,
Diep H, Kemp-Harper BK, Tare M, Ricardo SD, Guzik TJ, Sobey CG, Drummond GR.
M2 macrophage accumulation in the aortic wall during angiotensin II infusion in mice is
associated with fibrosis, elastin loss, and elevated blood pressure. Am. J. Physiol. Heart
Circ. Physiol. 2015;309(5):H906-17. doi:10.1152/ajpheart.00821.2014.

Ter Horst EN, Hakimzadeh N, Van Der Laan AM, Krijnen PAJ, Niessen HWM, Piek JJ.
Modulators of macrophage polarization influence healing of the infarcted myocardium.
Int. J. Mol. Sci. 2015;16(12):29583-29591. doi:10.3390/ijms161226187.

Davis MJ, Tsang TM, Qiu Y, Dayrit JK, Freij JB, Huffnagle GB, Olszewski MA.
Macrophage M1/M2 polarization dynamically adapts to changes in cytokine
microenvironments in Cryptococcus neoformans infection. MBio 2013;4(3):¢00264-13.
doi:10.1128/mBi0.00264-13.

de Couto G, Liu W, Tseliou E, Sun B, Makkar N, Kanazawa H, Arditi M, Marban E.
Macrophages mediate cardioprotective cellular postconditioning in acute myocardial
infarction. J. Clin. Invest. 2015;125(125(8)):3147-3162. doi:10.1172/JCI81321.

Rooijen N Van, Hendrikx E, van Rooijen N. Liposomes for specific depletion of
macrophages from organs and tissues. Liposomes 2010;605:189-203. doi:10.1007/978-1-
60327-360-2.

Kwon W-Y, Cha H-N, Heo J-Y, Choi J-H, Jang BI, Lee I-K, Park S-Y. Interleukin-10
deficiency aggravates angiotensin II-induced cardiac remodeling in mice. Life Sci.

2016;146:214-221. doi:10.1016/j.1f5.2016.01.022.

214



226.

227.

228.

229.

230.

231.

232.

233.

Kesarwani P, Murali AK, Al-Khami AA, Mehrotra S. Redox regulation of T-cell function:
from molecular mechanisms to significance in human health and disease. Antioxid. Redox
Signal. 2013;18(12):1497-534. doi:10.1089/ars.2011.4073.

Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY, Belperio JA, Keane
MP, Strieter RM. Circulating fibrocytes traffic to the lungs in response to CXCL12 and
mediate fibrosis. J Clin Invest 2004;114(3):438-446. doi:10.1172/5ci200420997.

Mori L, Bellini A, Stacey MA, Schmidt M, Mattoli S. Fibrocytes contribute to the
myofibroblast population in wounded skin and originate from the bone marrow. Exp Cell
Res 2005;304(1):81-90. doi:10.1016/j.yexcr.2004.11.011.

Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral Blood Fibrocytes:
Differentiation Pathway and Migration to Wound Sites. J. Immunol. 2001;166(12):7556-
7562. doi:10.4049/jimmunol.166.12.7556.

Sopel MJ, Rosin NL, Lee TDG, Légaré¢ J-F, Le J, Legare JF. Myocardial fibrosis in
response to Angiotensin II is preceded by the recruitment of mesenchymal progenitor
cells. Lab. Invest. 2011;91(4):565-578. doi:10.1038/labinvest.2010.190.

Mills CD. Macrophage arginine metabolism to ornithine/urea or nitric oxide/citrulline: a
life or death issue. Crit. Rev. Immunol. 2001;21(5):399-425. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11942557. Accessed June 18, 2014.

Thomas AC, Mattila JT. “Of mice and men”: Arginine metabolism in macrophages.
Front. Immunol. 2014;5(0OCT):1-7. doi:10.3389/fimmu.2014.00479.

Vaage J, Lindblad WJ. Production of collagen type I by mouse peritoneal macrophages. J.
Leukoc. Biol. 1990;48(3):274-80. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/2202772. Accessed May 19, 2016.

215



234.

235.

236.

237.

238.

239.

Vaage J, Harlos J. Collagen production by macrophages in tumour encapsulation and
dormancy. Br. J. Cancer 1991;63(5):758-762. doi:10.1038/bjc.1991.169.

Weitkamp B, Cullen P, Plenz G, Robenek H, Rauterberg J. Human macrophages
synthesize type VIII collagen in vitro and in the atherosclerotic plaque. FASEB J.
1999;13(11):1445-57. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10428768.
Accessed May 19, 2016.

Schnoor M, Cullen P, Lorkowski J, Stolle K, Robenek H, Troyer D, Rauterberg J,
Lorkowski S. Production of type VI collagen by human macrophages: a new dimension in
macrophage functional heterogeneity. J Immunol 2008;180(8):5707-5719. doi:180/8/5707
[pii].

Ludin A, Itkin T, Gur-Cohen S, Mildner A, Shezen E, Golan K, Kollet O, Kalinkovich A,
Porat Z, D’Uva G, Schajnovitz A, Voronov E, Brenner D a, Apte RN, Jung S, Lapidot T.
Monocytes-macrophages that express a-smooth muscle actin preserve primitive
hematopoietic cells in the bone marrow. Nat. Immunol. 2012;13(11):1072-1082.
doi:10.1038/n1.2408.

Quan TE, Cowper S, Wu S-PP, Bockenstedt LK, Bucala R. Circulating fibrocytes:
collagen-secreting cells of the peripheral blood. Int J Biochem Cell Biol 2004;36(4):598-
606. doi:10.1016/j.biocel.2003.10.005.

Moreira AP, Cavassani KA, Hullinger R, Rosada RS, Fong DJ, Murray L, Hesson DP,
Hogaboam CM. Serum amyloid P attenuates M2 macrophage activation and protects
against fungal spore-induced allergic airway disease. J Allergy Clin Immunol

2010;126(4):712-721 €7. doi:S0091-6749(10)00967-X [pii]10.1016/j.jac1.2010.06.010.

216



240.

241.

242.

243.

244.

245.

Castanio AP Surowy T, Nowlin BT, Turlapati SA, Patel T, Singh A, Li S, Lupher ML,
Duffield JS LSL, Castano AP, Lin SL, Surowy T, Nowlin BT, Turlapati SA, Patel T,
Singh A, Li S, Lupher ML, Duffield JS. Serum amyloid P inhibits fibrosis through FCgR-
dependen monocyte-macrophage regulation in vivo. Sci. Transl. Med. 2009;1(5):1-11.
doi:10.1126/scitranslmed.3000111.

Pilling D, Buckley CD, Salmon M, Gomer RH, Buckleym CD, M S. Inhibition of
fibrocyte differentiation by serum amyloid P. J. Immunol. 2003;171(10):5537-46.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/14607961.

Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and polarization.
Front. Biosci. 2008;13:453-61. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17981560. Accessed November 15, 2013.

Charo IF. Macrophage polarization and insulin resistance: PPARgamma in control. Ce//
Metab 2007;6(2):96-98. doi:10.1016/j.cmet.2007.07.006.

Chawla A. Control of macrophage activation and function by PPARs. Circ. Res.
2010;106(10):1559-69. doi:10.1161/CIRCRESAHA.110.216523.

Hong KM, Belperio JA, Keane MP, Burdick MD, Strieter RM. Differentiation of human
circulating fibrocytes as mediated by transforming growth factor-f3 and peroxisome
proliferator-activated receptor. J. Biol. Chem. 2007;282(31):22910-22920.

do0i:10.1074/jbc.M703597200.

217



246.

247.

248.

249.

250.

Madsen DH, Leonard D, Masedunskas A, Moyer A, Jiirgensen HJ, Peters DE,
Amornphimoltham P, Selvaraj A, Yamada SS, Brenner DA, Burgdorf S, Engelholm LH,
Behrendt N, Holmbeck K, Weigert R, Bugge TH. M2-like macrophages are responsible
for collagen degradation through a mannose receptor-mediated pathway. J. Cell Biol.
2013;202(6):951-66. doi:10.1083/jcb.201301081.

Epelman S, Lavine KJ, Randolph GJ. Origin and Functions of Tissue Macrophages.
Immunity 2014;41(1):21-35. doi:10.1016/j.immuni.2014.06.013.

Epelman S, Lavine KJ, Beaudin AE, Sojka DK, Carrero JA, Calderon B, Brija T, Gautier
EL, Ivanov S, Satpathy AT, Schilling JD, Schwendener R, Sergin I, Razani B, Forsberg
EC, Yokoyama WM, Unanue ER, Colonna M, Randolph GJ, Mann DL. Embryonic and
adult-derived resident cardiac macrophages are maintained through distinct mechanisms at
steady state and during inflammation. Immunity 2014;40(1):91-104.
doi:10.1016/j.immuni.2013.11.019.

Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, Ornitz DM,
Randolph GJ, Mann DL. Distinct macrophage lineages contribute to disparate patterns of
cardiac recovery and remodeling in the neonatal and adult heart. Proc. Natl. Acad. Sci. U.
S. A.2014;111(45):16029-34. doi:10.1073/pnas.1406508111.

Molawi K, Wolf'Y, Kandalla PK, Favret J, Hagemeyer N, Frenzel K, Pinto AR, Klapproth
K, Henri S, Malissen B, Rodewald H-R, Rosenthal NA, Bajenoff M, Prinz M, Jung S,
Sieweke MH. Progressive replacement of embryo-derived cardiac macrophages with age.

J. Exp. Med. 2014;211(11):2151-8. doi:10.1084/jem.20140639.

218



251.

252.

253.

254.

255.

256.

Heidt T, Courties G, Dutta P, Sager HB, Sebas M, Iwamoto Y, Sun Y, Da Silva N, Panizzi
P, van der Lahn AM, Swirski FK, Weissleder R, Nahrendorf M. Differential contribution
of monocytes to heart macrophages in steady-state and after myocardial infarction. Circ.
Res. 2014;115(2):284-95. doi:10.1161/CIRCRESAHA.115.303567.

Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG, Schilling JD, David M,
Randolph GJ, Mann DL, Lavine KJ, Epelman S, Uchida K, Weber KJ, Nichols CG,
Schilling JD. Distinct macrophage lineages contribute to disparate patterns of cardiac
recovery and remodeling in the neonatal and adult heart. Proc. Natl. Acad. Sci.
2016;113(10):E1414-E1414. doi:10.1073/pnas.1602039113.

Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral Blood Fibrocytes:
Differentiation Pathway and Migration to Wound Sites. J. Immunol. 2001;166(12):7556-
7562. doi:10.4049/jimmunol.166.12.7556.

Haudek SB, Xia Y, Huebener P, Lee JM, Carlson S, Crawford JR, Pilling D, Gomer RH,
Trial J, Frangogiannis NG, Entman ML. Bone marrow-derived fibroblast precursors
mediate ischemic cardiomyopathy in mice. Proc Natl Acad Sci U S A
2006;103(48):18284-18289. doi:0608799103 [pii]10.1073/pnas.0608799103.

Wada T, Sakai N, Sakai Y, Matsushima K, Kaneko S, Furuichi K. Involvement of bone-
marrow-derived cells in kidney fibrosis. Clin Exp Nephrol 15(1):8-13.
doi:10.1007/s10157-010-0372-2.

Mehrad B, Burdick MD, Strieter RM. Fibrocyte CXCR4 regulation as a therapeutic target
in pulmonary fibrosis. Int J Biochem Cell Biol 2009;41(8-9):1708-1718. doi:S1357-

2725(09)00090-9 [pii]10.1016/j.biocel.2009.02.020 [doi].

219



257.

258.

259.

260.

261.

262.

263.

Scholten D, Reichart D, Paik YH, Lindert J, Bhattacharya J, Glass CK, Brenner DA,
Kisseleva T. Migration of fibrocytes in fibrogenic liver injury. Am J Pathol
2011;179(1):189-198. doi:10.1016/j.ajpath.2011.03.049.

Harris DA, Zhao Y, Lapar DJ, Emaminia A, Steidle JF, Stoler M, Linden J, Kron IL, Lau
CL. Inhibiting CXCL12 blocks fibrocyte migration and differentiation and attenuates
bronchiolitis obliterans in a murine heterotopic tracheal transplant model. J Thorac
Cardiovasc Surg 2012. doi:10.1016/j.jtcvs.2012.03.079.

De Falco E, Porcelli D, Torella AR, Straino S, lachininoto MG, Orlandi A, Truffa S,
Biglioli P, Napolitano M, Capogrossi MC, Pesce M. SDF-1 involvement in endothelial
phenotype and ischemia-induced recruitment of bone marrow progenitor cells. Blood
2004;104(12):3472-3482. doi:10.1182/blood-2003-12-44232003-12-4423 [pii].

Muller W a. New mechanisms and pathways for monocyte recruitment. J. Exp. Med.
2001;194(9):F47-51. Available at:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2195978 &tool=pmcentrez&re
ndertype=abstract.

Frid MG, Brunetti JA, Burke DL, Carpenter TC, Davie NJ, Reeves JT, Roedersheimer
MT, van Rooijen N, Stenmark KR. Hypoxia-induced pulmonary vascular remodeling
requires recruitment of circulating mesenchymal precursors of a monocyte/macrophage
lineage. Am. J. Pathol. 2006;168(2):659-69. doi:10.2353/ajpath.2006.050599.
Gomperts BN, Strieter RM. Fibrocytes in lung disease. J. Leukoc. Biol.
2007;82(September):449-456. doi:10.1189/j1b.0906587.

Gordon S, Taylor P. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol.

2005;5(December):953-964. doi:10.1038/nri1733.

220



264.

265.

266.

267.

268.

269.

Combadiere C, Potteaux S, Gao JL, Esposito B, Casanova S, Lee EJ, Debre P, Tedgui A,
Murphy PM, Mallat Z. Decreased atherosclerotic lesion formation in
CX3CR1/apolipoprotein E double knockout mice. Circulation 2003;107(7):1009-1016.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/12600915.

Song JS, Kang CM, Kang HH, Yoon HK, Kim YK, Kim KH, Moon HS, Park SH.
Inhibitory effect of CXC chemokine receptor 4 antagonist AMD3100 on bleomycin
induced murine pulmonary fibrosis. Exp Mol Med 2010;42(6):465-472.
doi:emm.2010.42.048 [pii].

Hendrix CW, Collier AC, Lederman MM, Schols D, Pollard RB, Brown S, Jackson JB,
Coombs RW, Glesby MJ, Flexner CW, Bridger GJ, Badel K, MacFarland RT, Henson
GW, Calandra G. Safety, pharmacokinetics, and antiviral activity of AMD3100, a
selective CXCR4 receptor inhibitor, in HIV-1 infection. J Acquir Immune Defic Syndr
2004;37(2):1253-1262. doi:00126334-200410010-00005 [pii].

Weischenfeldt J, Porse B. Bone marrow-derived macrophages (BMM): Isolation and
applications. Cold Spring Harb. Protoc. 2008;3(12). doi:10.1101/pdb.prot5080.
Cuspidi C, Ciulla M, Zanchetti A. Hypertensive myocardial fibrosis. Nephrol Dial
Transpl. 2006;21(1):20-23. doi:gfi237 [pii]10.1093/ndt/gfi237.

Iles L, Pfluger H, Phrommintikul A, Cherayath J, Aksit P, Gupta SN, Kaye DM, Taylor
AlJ. Evaluation of diffuse myocardial fibrosis in heart failure with cardiac magnetic
resonance contrast-enhanced T1 mapping. J Am Coll Cardiol 2008;52(19):1574-1580.

doi:S0735-1097(08)02798-8 [pi1]10.1016/j.jacc.2008.06.049.

221



270.

271.

272.

273.

274.

275.

Sopel M, Falkenham A, Oxner A, Ma I, Lee TDG, Legare JF, Légaré¢ J-F. Fibroblast
progenitor cells are recruited into the myocardium prior to the development of myocardial
fibrosis. Int. J. Exp. Pathol. 2012;93(2):115. doi:10.1111/1.1365-2613.2011.00797 .x.

Chu P-YY, Mariani J, Finch S, McMullen JR, Sadoshima J, Marshall T, Kaye DM. Bone
Marrow-Derived Cells Contribute to Fibrosis in the Chronically Failing Heart. Am. J.
Pathol. 2010;176(4):1735-1742. doi:10.2353/ajpath.2010.090574.

Abbott JD, Huang Y, Liu D, Hickey R, Krause DS, Giordano FJ. Stromal Cell-Derived
Factor-1 Plays a Critical Role in Stem Cell Recruitment to the Heart After Myocardial
Infarction but Is Not Sufficient to Induce Homing in the Absence of Injury. Circulation
2004;110(21):3300-3305. doi:10.1161/01.¢ir.0000147780.30124.cf.

Moore BB, Kolodsick JE, Thannickal VJ, Cooke K, Moore T a, Hogaboam C, Wilke C a,
Toews GB. CCR2-mediated recruitment of fibrocytes to the alveolar space after fibrotic
injury. Am J Pathol 2005;166(3):675-684. doi:S0002-9440(10)62289-4
[pii]10.1016/S0002-9440(10)62289-4.

Kitagawa K, Wada T, Furuichi K, Hashimoto H, Ishiwata Y, Asano M, Takeya M, Kuziel
WA, Matsushima K, Mukaida N, Yokoyama H. Blockade of CCR2 ameliorates
progressive fibrosis in kidney. Am J Pathol 2004;165(1):237-246. doi:S0002-
9440(10)63292-0 [pii]10.1016/S0002-9440(10)63292-0.

Sakai N, Wada T, Furuichi K, Shimizu K, Kokubo S, Hara A, Yamahana J, Okumura T,
Matsushima K, Yokoyama H, Kaneko S. MCP-1/CCR2-dependent loop for fibrogenesis
in human peripheral CD14-positive monocytes. J. Leukoc. ... 2006;79(3):555-563.

doi:Doi 10.1189/J1b.0305127.

222



276.

277.

278.

279.

280.

281.

Seki E, de Minicis S, Inokuchi S, Taura K, Miyai K, van Rooijen N, Schwabe RF,
Brenner DA. CCR2 promotes hepatic fibrosis in mice. Hepatology 2009;50(1):185-197.
doi:10.1002/hep.22952.

Dai S, Yuan F, Mu J, Li C, Chen N, Guo S, Kingery J, Prabhu SD, Bolli R, Rokosh G.
Chronic AMD3100 antagonism of SDF-10—CXCR4 exacerbates cardiac dysfunction and
remodeling after myocardial infarction. J. Mol. Cell. Cardiol. 2010;49(4):587-597.
doi:10.1016/j.yjmcc.2010.07.010.

Mehrad B, Burdick MD, Zisman D a, Keane MP, Belperio J a, Strieter RM. Circulating
peripheral blood fibrocytes in human fibrotic interstitial lung disease. Biochem. Biophys.
Res. Commun. 2007;353(1):104-8. doi:10.1016/j.bbrc.2006.11.149.

De Clercq E. Potential clinical applications of the CXCR4 antagonist bicyclam
AMD3100. Mini Rev Med Chem 2005;5(9):805-824. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16178723.

Moore BB, Paine R, Christensen PJ, Moore TA, Sitterding S, Ngan R, Wilke C a, Kuziel
W a, Toews GB, Paine 3rd R, Christensen PJ, Moore TA, Sitterding S, Ngan R, Wilke C
a, Kuziel W a, Toews GB, Paine R. Protection from pulmonary fibrosis in the absence of
CCR2 signaling. J Immunol 2001;167(8):4368-4377. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11591761.

Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, Yuan Z, Roberts Al, Zhang L, Zheng
B, Wen T, Han Y, Rabson AB, Tischfield J a, Shao C, Shi Y. CCR2-dependent
recruitment of macrophages by tumor-educated mesenchymal stromal cells promotes
tumor development and is mimicked by TNFa. Cell Stem Cell 2012;11(6):812-24.

do0i:10.1016/j.stem.2012.08.013.

223



282.

283.

284.

285.

286.

287.

Ekert JE, Murray LA, Das AM, Sheng H, Giles-Komar J, Rycyzyn MA. Chemokine (C-C
motif) ligand 2 mediates direct and indirect fibrotic responses in human and murine
cultured fibrocytes. Fibrogenes. Tissue Repair 2011;4(1):23. doi:10.1186/1755-1536-4-
23.

Leone AM, Rutella S, Bonanno G, Contemi AM, de Ritis DG, Giannico MB, Rebuzzi
AG, Leone G, Crea F. Endogenous G-CSF and CD34+ cell mobilization after acute
myocardial infarction. Int J Cardiol 2006;111(2):202-208. doi:S0167-5273(05)00871-5
[pii]10.1016/j.ijcard.2005.06.043.

Ma N, Stamm C, Kaminski A, Li W, Kleine HD, Muller-Hilke B, Zhang L, Ladilov Y,
Egger D, Steinhoff G. Human cord blood cells induce angiogenesis following myocardial
infarction in NOD/scid-mice. Cardiovasc Res 2005;66(1):45-54. doi:S0008-
6363(04)00585-1 [pii]10.1016/j.cardiores.2004.12.013.

Yamani MH, Ratliff NB, Cook DJ, Tuzcu EM, Yu Y, Hobbs R, Rincon G, Bott-Silverman
C, Young JB, Smedira N, Starling RC. Peritransplant ischemic injury is associated with
up-regulation of stromal cell-derived factor-1. J Am Coll Cardiol 2005;46(6):1029-1035.
doi:S0735-1097(05)01395-1 [pii]10.1016/j.jacc.2005.04.059.

Devine SM. Rapid Mobilization of CD34+ Cells Following Administration of the CXCR4
Antagonist AMD3100 to Patients With Multiple Myeloma and Non-Hodgkin’s
Lymphoma. J. Clin. Oncol. 2004;22(6):1095-1102. doi:10.1200/jc0.2004.07.131.

Moore BB, Murray L, Das A, Wilke CA, Herrygers AB, Toews GB. The role of CCL12 in
the recruitment of fibrocytes and lung fibrosis. Am J Respir Cell Mol Biol 2006;35(2):175-

181. doi:10.1165/rcmb.2005-02390C.

224



288.

2809.

290.

291.

292.

293.

De Clercq E, Clercq E De. The AMD3100 story: the path to the discovery of a stem cell
mobilizer (Mozobil). Biochem Pharmacol 2009;77(11):1655-1664. doi:S0006-
2952(08)00903-9 [pii]10.1016/j.bcp.2008.12.014.

Leask A. Signaling in fibrosis: targeting the TGF beta, endothelin-1 and CCN2 axis in
scleroderma. Front Biosci (Elite Ed) 2009;1:115-122. doi:12 [pii].

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, Dai S, Ford ES,
Fox CS, Franco S, Fullerton HJ, Gillespie C, Hailpern SM, Heit JA, Howard VJ, Huffman
MD, Judd SE, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD, Mackey
RH, Magid DJ, Marcus GM, Marelli A, Matchar DB, McGuire DK, Mohler ER, Moy CS,
Mussolino ME, Neumar RW, Nichol G, Pandey DK, Paynter NP, Reeves MJ, Sorlie PD,
Stein J, Towfighi A, Turan TN, Virani SS, Wong ND, Woo D, Turner MB. Heart Disease
and Stroke Statistics--2014 Update: A Report From the American Heart Association.
Circulation 2013;129(3):€28-¢292. d0i:10.1161/01.¢ir.0000441139.02102.80.

Schulze PC, Lee RT. Macrophage-mediated cardiac fibrosis. Circ. Res. 2004;95(6):552-3.
doi:10.1161/01.RES.0000143420.87587.9¢.

Wang L, Li Y-L, Zhang C-C, Cui W, Wang X, Xia Y, Du J, Li H-H. Inhibition of Toll-
like receptor 2 reduces cardiac fibrosis by attenuating macrophage-mediated
inflammation. Cardiovasc. Res. 2014;101(3):383-92. doi:10.1093/cvr/cvt258.

Shen JZ, Morgan J, Tesch GH, Fuller PJ, Young MJ. CCL2-Dependent Macrophage
Recruitment Is Critical for Mineralocorticoid Receptor-Mediated Cardiac Fibrosis,
Inflammation, and Blood Pressure Responses in Male Mice. Endocrinology

2014;155(3):1057-66. doi:10.1210/en.2013-1772.

225



294.

295.

296.

297.

298.

299.

300.

Sopel MJ, Rosin NL, Falkenham AG, Bezuhly M, Esmon CT, Lee TD, Liwski RS, Legare
JF. Treatment with activated protein C (aPC) is protective during the development of
myocardial fibrosis: an angiotensin II infusion model in mice. PLoS One
2012;7(9):e45663. doi:10.1371/journal.pone.0045663.

Kania G, Blyszczuk P, Eriksson U. Mechanisms of cardiac fibrosis in inflammatory heart
disease. Trends Cardiovasc. Med. 2009;19(8):247-52. doi:10.1016/j.tcm.2010.02.005.

Lin H-H, Faunce DE, Stacey M, Terajewicz A, Nakamura T, Zhang-Hoover J, Kerley M,
Mucenski ML, Gordon S, Stein-Streilein J. The macrophage F4/80 receptor is required for
the induction of antigen-specific efferent regulatory T cells in peripheral tolerance. J. Exp.
Med. 2005;201(10):1615-25. doi:10.1084/jem.20042307.

Aoyama T, Inokuchi S, Brenner DA, Seki E. CX3CL1-CX3CRI1 interaction prevents
carbon tetrachloride-induced liver inflammation and fibrosis in mice. Hepatology
2010;52(4):1390-400. doi:10.1002/hep.23795.

Heymann F, Trautwein C, Tacke F. Monocytes and macrophages as cellular targets in
liver fibrosis. Inflamm. Allergy Drug Targets 2009;8(4):307-18. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19534673. Accessed November 15, 2013.

Vernon MA, Mylonas KJ, Hughes J. Macrophages and renal fibrosis. Semin. Nephrol.
2010;30(3):302-17. doi:10.1016/j.semnephrol.2010.03.004.

Pechkovsky D V, Prasse A, Kollert F, Engel KMY, Dentler J, Luttmann W, Friedrich K,
Miiller-Quernheim J, Zissel G. Alternatively activated alveolar macrophages in pulmonary
fibrosis-mediator production and intracellular signal transduction. Clin. Immunol.

2010;137(1):89-101. doi:10.1016/.c1lim.2010.06.017.

226



301.

302.

303.

304.

305.

306.

307.

Buiting AM, Van Rooijen N. Liposome mediated depletion of macrophages: an approach
for fundamental studies. J Drug Target 1994;2(5):357-362.
doi:10.3109/10611869408996810.

van Rooijen N. Liposomes for targeting of antigens and drugs: immunoadjuvant activity
and liposome-mediated depletion of macrophages. J Drug Target 2008;16(7):529-534.
doi:901337894 [pii]10.1080/10611860802228426.

Sugino H, Ozono R, Kurisu S, Matsuura H, Ishida M, Oshima T, Kambe M, Teranishi Y,
Masaki H, Matsubara H. Apoptosis is not increased in myocardium overexpressing type 2
angiotensin Il receptor in transgenic mice. Hypertension 2001;37(6):1394-8. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/11408383. Accessed February 25, 2014.

Pinto AR, Godwin JW, Rosenthal NA. Macrophages in cardiac homeostasis, injury
responses and progenitor cell mobilisation. Stem Cell Res. 2014;13(3):705-714.
doi:10.1016/j.scr.2014.06.004.

Gordon S, Martinez FO. Alternative activation of macrophages: mechanism and functions.
Immunity 2010;32(5):593-604. doi:10.1016/j.immuni.2010.05.007.

Gordon S, Pliddemann A. Tissue macrophage heterogeneity: issues and prospects. Semin.
Immunopathol. 2013;35(5):533-40. doi:10.1007/s00281-013-0386-4.

Gordon S. The macrophage: past, present and future. Eur. J. Immunol. 2007;37 Suppl

1:S9-17. doi:10.1002/ej1.200737638.

227



308.

309.

310.

311.

312.

Sosnovik DE, Nahrendorf M, Deliolanis N, Novikov M, Aikawa E, Josephson L,
Rosenzweig A, Weissleder R, Ntziachristos V. Fluorescence tomography and magnetic
resonance imaging of myocardial macrophage infiltration in infarcted myocardium in
vivo. Circulation 2007;115(11):1384-1391. doi:CIRCULATIONAHA.106.663351
[pii]10.1161/CIRCULATIONAHA.106.663351.

Furuichi K, Gao J-LL, Murphy PM. Chemokine receptor CX3CR1 regulates renal
interstitial fibrosis after ischemia-reperfusion injury. Am. J. Pathol. 2006;169(2):372-87.
doi:10.2353/ajpath.2006.060043.

Wasmuth HE, Zaldivar MM, Berres M-L, Werth A, Scholten D, Hillebrandt S, Tacke F,
Schmitz P, Dahl E, Wiederholt T, Hellerbrand C, Berg T, Weiskirchen R, Trautwein C,
Lammert F. The fractalkine receptor CX3CRI is involved in liver fibrosis due to chronic
hepatitis C infection. J. Hepatol. 2008;48(2):208-15. doi:10.1016/j.jhep.2007.09.008.
Frisancho-Kiss S, Coronado MJ, Frisancho JA, Lau VM, Rose NR, Klein SL, Fairweather
D. Gonadectomy of male BALB/c mice increases Tim-3(+) alternatively activated M2
macrophages, Tim-3(+) T cells, Th2 cells and Treg in the heart during acute
coxsackievirus-induced myocarditis. Brain. Behav. Immun. 2009;23(5):649-57.
doi:10.1016/5.bbi1.2008.12.002.

Novak ML, Koh TJ. Macrophage phenotypes during tissue repair. J. Leukoc. Biol.

2013;93(6):875-81. doi:10.1189/j1b.1012512.

228



313.

314.

315.

316.

317.

Frantz S, Hofmann U, Fraccarollo D, Schifer A, Kranepuhl S, Hagedorn I, Nieswandt B,
Nahrendorf M, Wagner H, Bayer B, Pachel C, Schon MP, Kneitz S, Bobinger T,
Weidemann F, Ertl G, Bauersachs J. Monocytes / macrophages prevent healing defects
and left ventricular thrombus formation after myocardial infarction. :871-881.
doi:10.1096/1].12-214049.

Ben-Mordechai T, Holbova R, Landa-Rouben N, Harel-Adar T, Feinberg MS, Elrahman
IA, Blum G, Epstein F, Silman Z, Cohen S, Leor J. Macrophage Subpopulations are
Essential for Infarct Repair with and without Stem Cell Therapy. J. Am. Coll. Cardiol.
2013;62(20). doi:10.1016/j.jacc.2013.07.057.

Bujak M, Frangogiannis NG. The role of TGF-beta signaling in myocardial infarction and
cardiac remodeling. Cardiovasc. Res. 2007;74(2):184-95.
doi:10.1016/j.cardiores.2006.10.002.

Werner F, Jain MK, Feinberg MW, Sibinga NE, Pellacani A, Wiesel P, Chin MT, Topper
JN, Perrella MA, Lee ME. Transforming growth factor-beta 1 inhibition of macrophage
activation is mediated via Smad3. J. Biol. Chem. 2000;275(47):36653-8.
doi:10.1074/jbc.M004536200.

Yona S, Kim K-W, Wolf Y, Mildner A, Varol D, Breker M, Strauss-Ayali D, Viukov S,
Guilliams M, Misharin A, Hume D a, Perlman H, Malissen B, Zelzer E, Jung S. Fate
mapping reveals origins and dynamics of monocytes and tissue macrophages under

homeostasis. Immunity 2013;38(1):79-91. doi:10.1016/j.immuni.2012.12.001.

229



318.

319.

320.

321.

322.

323.

324.

Landsman L, Bar-On L, Zernecke A, Kim K-WW, Krauthgamer R, Shagdarsuren E, Lira
SA, Weissman IL, Weber C, Jung S. CX3CRI is required for monocyte homeostasis and
atherogenesis by promoting cell survival. Blood 2009;113(4):963-72. doi:10.1182/blood-
2008-07-170787.

Perdiguero EG, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, Garner H, Trouillet
C, de Bruijn MF, Geissmann F, Rodewald H-R. Tissue-resident macrophages originate
from yolk-sac-derived erythro-myeloid progenitors. Nature 2014;518(7540):547-551.
doi:10.1038/nature13989.

Gautier EL, Yvan-Charvet L. Understanding macrophage diversity at the ontogenic and
transcriptomic levels. Immunol. Rev. 2014;262(1):85-95. doi:10.1111/imr.12231.

Choi W-Y, Poss KD. Cardiac regeneration. Curr. Top. Dev. Biol. 2012;100:319-44.
doi:10.1016/B978-0-12-387786-4.00010-5.

Ying W, Cheruku PS, Bazer FW, Safe SH, Zhou B. Investigation of macrophage
polarization using bone marrow derived macrophages. J. Vis. Exp. 2013;(76):e50323.
doi:10.3791/50323.

Zeng Q, Chen W. The functional behavior of a macrophage/fibroblast co-culture model
derived from normal and diabetic mice with a marine gelatin-oxidized alginate hydrogel.
Biomaterials 2010;31(22):5772-81. doi:10.1016/j.biomaterials.2010.04.022.

Brokopp CE, Schoenauer R, Richards P, Bauer S, Lohmann C, Emmert MY, Weber B,
Winnik S, Aikawa E, Graves K, Genoni M, Vogt P, Liischer TF, Renner C, Hoerstrup SP,
Matter CM. Fibroblast activation protein is induced by inflammation and degrades type I
collagen in thin-cap fibroatheromata. Eur. Heart J. 2011;32(21):2713-22.

doi:10.1093/eurheartj/ehq519.

230



325.

326.

327.

328.

329.

330.

331.

Flavell SJ, Hou TZ, Lax S, Filer AD, Salmon M, Buckley CD. Fibroblasts as novel
therapeutic targets in chronic inflammation. Br. J. Pharmacol. 2008;153 Suppl :S241-6.
doi:10.1038/sj.bjp.0707487.

Keeley EC, Mehrad B, Strieter RM. The role of fibrocytes in fibrotic diseases of the lungs
and heart. Fibrogenes. Tissue Repair 2011;4:2. doi:10.1186/1755-1536-4-2.

Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami a. Circulating fibrocytes define a
new leukocyte subpopulation that mediates tissue repair. Mol. Med. 1994;1(1):71-81.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/8790603. Accessed May 19, 2016.
Bouissou H, Pieraggi MT, Thiers JC. [Fibrocytes and activated fibrocytes in the healing of
an open skin wound]. J Soc Biol 1999;193(1):41-48. Available at:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati
on&list uids=10851555.

Keeley EC, Mehrad B, Strieter RM. The role of circulating mesenchymal progenitor cells
(fibrocytes) in the pathogenesis of fibrotic disorders. Thromb Haemost 2009;101(4):613-
618. doi:09040613 [pii].

Bellini A, Mattoli S. The role of the fibrocyte, a bone marrow-derived mesenchymal
progenitor, in reactive and reparative fibroses. Lab Invest 2007;87(9):858-870.
doi:3700654 [pii]10.1038/labinvest.3700654 [doi].

Binai N, O’Reilly S, Griffiths B, van Laar JM, Hiigle T. Differentiation potential of
CD14+ monocytes into myofibroblasts in patients with systemic sclerosis. PLoS One

2012;7(3):e33508. doi:10.1371/journal.pone.0033508.

231



332.

333.

334.

335.

336.

337.

338.

Strieter RM, Keeley EC, Hughes MA, Burdick MD, Mehrad B. The role of circulating
mesenchymal progenitor cells (fibrocytes) in the pathogenesis of pulmonary fibrosis. J
Leukoc Biol 2009;86(5):1111-1118. doi:10.1189/j1b.0309132.

Yang L, Scott PG, Dodd C, Medina A, Jiao H, Shankowsky HA, Ghahary A, Tredget EE.
Identification of fibrocytes in postburn hypertrophic scar. Wound Repair Regen
2005;13(4):398-404. doi:10.1111/5.1067-1927.2005.130407 .x.

Bournazos S, Fahim A, Hart SP. Identification of fibrocytes in peripheral blood. 4m J
Respir Crit Care Med 2009;180(12):1279; author reply 1279. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19949240.

Kisseleva T, von Kockritz-Blickwede M, Reichart D, McGillvray SM, Wingender G,
Kronenberg M, Glass CK, Nizet V, Brenner DA. Fibrocyte-like cells recruited to the
spleen support innate and adaptive immune responses to acute injury or infection. J Mo/
Med 2011. doi:10.1007/s00109-011-0756-0.

Reilkoff RA, Bucala R, Herzog EL. Fibrocytes: emerging effector cells in chronic
inflammation. Nat Rev Immunol 2011;11(6):427-435. doi:nri2990 [pii]10.1038/nri2990.
Keeley EC, Mehrad B, Strieter RM. Fibrocytes: bringing new insights into mechanisms of
inflammation and fibrosis. /nt J Biochem Cell Biol 2010;42(4):535-542. doi:S1357-
2725(09)00291-X [pii]10.1016/j.biocel.2009.10.014.

Woo JI, Pan H, Oh S, Lim DJ, Moon SK. Spiral ligament fibrocyte-derived MCP-1/CCL2
contributes to inner ear inflammation secondary to nontypeable H. influenzae-induced
otitis media. BMC Infect Dis 2010;10:314. doi:1471-2334-10-314 [pii]10.1186/1471-

2334-10-314.

232



339.

340.

341.

342.

343.

344.

345.

Balmelli C, Alves MP, Steiner E, Zingg D, Peduto N, Ruggli N, Gerber H, McCullough
K, Summerfield A. Responsiveness of fibrocytes to toll-like receptor danger signals.
Immunobiology 2007;212(9-10):693-699. doi:10.1016/j.imbi0.2007.09.009.

Oh S-1J, Kurz H, Christ B, Wilting J. Platelet-derived growth factor-B induces
transformation of fibrocytes into spindle-shaped myofibroblasts in vivo. Histochem Cell
Biol 1998;109(4):349-357. doi:10.1007/s004180050235.

Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM. Vimentin is secreted by activated
macrophages. Nat. Cell Biol. 2003;5(1):59-63. do0i:10.1038/ncb898.

Benes P, Maceckova V, Zdrahal Z, Konecna H, Zahradnickova E, Muzik J, Smarda J.
Role of vimentin in regulation of monocyte/macrophage differentiation. Differentiation.
2006;74(6):265-76. doi:10.1111/§.1432-0436.2006.00077 .x.

Arndt K, Grinenko T, Mende N, Reichert D, Portz M, Ripich T, Carmeliet P, Corbeil D,
Waskow C. CD133 is a modifier of hematopoietic progenitor frequencies but is
dispensable for the maintenance of mouse hematopoietic stem cells. Proc. Natl. Acad. Sci.
U.S. 4.2013;110(14):5582-7. doi:10.1073/pnas.1215438110.

Lack NA, Green B, Dale DC, Calandra GB, Lee H, MacFarland RT, Badel K, Liles WC,
Bridger G. A pharmacokinetic-pharmacodynamic model for the mobilization of CD34+
hematopoietic progenitor cells by AMD3100. Clin Pharmacol Ther 2005;77(5):427-436.
doi:50009923605000226 [pii]10.1016/j.clpt.2004.12.268.

Jones GE. Cellular signaling in macrophage migration and chemotaxis. J. Leukoc. Biol.

2000;68(5):593-602. Available at: http://www.ncbi.nlm.nih.gov/pubmed/11073096.

233



346.

347.

348.

Weber C, Weber KS, Klier C, Gu S, Wank R, Horuk R, Nelson PJ, Springer T, Baggiolini
M, Nelson P, Krensky A, Piali L, Weber C, LaRosa G, Campbell J, Hedrik J, Zlotnik A,
Siani M, Thompson D, Butcher E, Peled A, Grabovsky V, Habler L, Weber K,
Hundelshausen P von, Clark-Lewis I, Weber P, Weber C, Grone H, Weber C, Weber K,
Bonecchi R, Bianchi G, Bordignon P, Sica A, Saccani A, Borsatti A, Sallusto F, Lenig D,
Mackay C, Lanzavecchia A, Besser M, Wank R, Weber C, Alon R, Moser B, Springer T,
Weber C, Lu C, Casasnovas J, Springer T, Hesselgesser J, Ng H, Liang M, Baba M,
Nishimura O, Kanzaki N, Weber K, Klickstein L, Weber C, Elsner J, Mack M, Bruhl H,
Samanta A, Oppenheim J, Matsushima K, Kukreti S, Konstantopoulos K, Smith C,
Mclntire L, Weber K, Draude G, Erl W, Martin R de, Weber C, Ponath P, Qin S, Post T,
Luscinskas F, Kansas G, Ding H, Foxman E, Campbell J, Butcher E. Specialized roles of
the chemokine receptors CCR1 and CCRS in the recruitment of monocytes and T(H)1-
like/CD45RO(+) T cells. Blood 2001;97(4):1144-6. doi:10.1182/blood.v97.4.1144.
WuY, LiY, Zhang C, A X, Wang Y, Cui W, Li H, Du J. S100a8/a9 Released by
CD11b+Grl+ Neutrophils Activates Cardiac Fibroblasts to Initiate Angiotensin II-
Induced Cardiac Inflammation and Injury. Hypertension 2014;63(6):1241-1250.
doi:10.1161/HYPERTENSIONAHA.113.02843.

Kaufmann A, Salentin R, Gemsa D, Sprenger H. Increase of CCR1 and CCRS5 expression
and enhanced functional response to MIP-1 alpha during differentiation of human
monocytes to macrophages. J. Leukoc. Biol. 2001;69(2):248-52. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/11272275. Accessed May 20, 2016.

234



349.

350.

351.

352.

353.

Koennecke LA, Zito MA, Proescholdt MG, van Rooijen N, Heyes MP. Depletion of
systemic macrophages by liposome-encapsulated clodronate attenuates increases in brain
quinolinic acid during CNS-localized and systemic immune activation. J Neurochem
1999;73(2):770-779. Available at: http://www.ncbi.nlm.nih.gov/pubmed/10428075.
Quan TE, Cowper SE, Bucala R. The role of circulating fibrocytes in fibrosis. Curr.
Rheumatol. Rep. 2006;8(2):145-50. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/16569374. Accessed October 31, 2014.

Bucala R. Review Series--Inflammation & Fibrosis. Fibrocytes and fibrosis. QJM
2012;105(6):505-508. doi:10.1093/qjmed/hcs068.

Yang J, Zhang L, Yu C, Yang X-F, Wang H. Monocyte and macrophage differentiation:
circulation inflammatory monocyte as biomarker for inflammatory diseases. Biomark.
Res. 2014;2(1):1. doi:10.1186/2050-7771-2-1.

Sato E, Shick HE, Ransohoff RM, Hirose K. Expression of fractalkine receptor CX3CR1
on cochlear macrophages influences survival of hair cells following ototoxic injury. J

Assoc Res Otolaryngol 2010;11(2):223-234. doi:10.1007/s10162-009-0198-3.

235



354. LiX, MaiJ, Virtue A, Yin Y, Gong R, Sha X, Gutchigian S, Frisch A, Hodge I, Jiang X,

355.

356.

Wang H, Yang XX-F, Medzhitov R, Shevach E, Trinchieri G, Mellor A, Munn D, Ait-
Oufella H, Salomon B, Potteaux S, Robertson A, Gourdy P, Xiong Z, Song J, Yan Y,
Huang Y, Cowan A, Xiong Z, Yan Y, Song J, Fang P, Yin Y, Mai J, Wang H, Yang XX-
F, O’Shea J, Ma A, Lipsky P, Dinarello C, Boraschi D, Dinarello C, Bettini M, Vignali D,
Salmaggi A, Dufour A, Eoli M, Corsini E, Mantia L La, Yamashita H, Shimada K, Seki E,
Mokuno H, Daida H, Narverud I, Ueland T, Nenseter M, Retterstol K, Telle-Hansen V,
Cua D, Groux H, Hinton D, Stohlman S, Coffman R, Cua D, Hutchins B, LaFace D,
Stohlman S, Coffman R, Collison L, Vignali D, Collison L, Workman C, Kuo T, Boyd K,
Wang Y, Chaturvedi V, Collison L, Guy C, Workman C, Vignali D, Bardel E, Larousserie
F, Charlot-Rabiega P, Coulomb-L’Hermine A, Devergne O, Tedgui A, Mallat Z, Chen N,
Yang F, Capecci L, Gu Z, Schafer A, Yin Y, Yan Y, Jiang X, Mai J, Chen N, Ueland P, et
al. IL-35 is a novel responsive anti-inflammatory cytokine--a new system of categorizing
anti-inflammatory cytokines. Ryffel B, ed. PLoS One 2012;7(3):¢33628.
doi:10.1371/journal.pone.0033628.

Bardel E, Larousserie F, Charlot-Rabiega P, Coulomb-L’Hermine A, Devergne O. Human
CD4+ CD25+ Foxp3+ regulatory T cells do not constitutively express IL-35. J Immunol
2008;181(10):6898-6905. doi:181/10/6898 [pii].

Lin Y, Huang Y, Lu Z, Luo C, shi Y, Zeng Q, Cao Y, Liu L, Wang X, Ji Q. Decreased
plasma IL-35 levels are related to the left ventricular ejection fraction in coronary artery

diseases. PLoS One 2012;7(12):¢52490. doi:10.1371/journal.pone.0052490.

236



357.

358.

359.

360.

361.

362.

Hu Y, Dong C, Yue Y, Xiong S. In vivo delivery of interleukin-35 relieves
coxsackievirus-B3-induced viral myocarditis by inhibiting Th17 cells. Arch. Virol.
2014;159(9):2411-2419. doi:10.1007/s00705-014-2098-z.

Suga H, Rennert RC, Rodrigues M, Sorkin M, Glotzbach JP, Januszyk M, Fujiwara T,
Longaker MT, Gurtner GC. Tracking the elusive fibrocyte: Identification and
characterization of collagen producing hematopoietic lineage cells during murine wound
healing. Stem Cells 2014;32(5):1347-1360. doi:10.1002/stem.1648.

Bellini A, Marini MA, Bianchetti L, Barczyk M, Schmidt M, Mattoli S. Interleukin (IL)-4,
IL-13, and IL-17A differentially affect the profibrotic and proinflammatory functions of
fibrocytes from asthmatic patients. Mucosal Immunol 2012;5(2):140-149.
doi:10.1038/mi.2011.60.

Herzog EL, Bucala R. Fibrocytes in health and disease. Exp. Hematol. 2010;38(7):548-
556. doi:10.1016/j.exphem.2010.03.004.

Részer T, szer T, s, R&#x151, szer T, s, Tamas R. Understanding th Mysterious M2
macrophage through activation markers and effector mechanism. Mediators Inflamm.
2015;2015:16. doi:10.1155/2015/816460.

Ishida Y, Kimura A, Kondo T, Hayashi T, Ueno M, Takakura N, Matsushima K, Mukaida
N. Essential roles of the CC chemokine ligand 3-CC chemokine receptor 5 axis in
bleomycin-induced pulmonary fibrosis through regulation of macrophage and fibrocyte
infiltration. Am J Pathol 2007;170(3):843-854. d0i:S0002-9440(10)60906-6

[pii]10.2353/ajpath.2007.051213.

237



363.

364.

365.

366.

367.

368.

369.

370.

Andersson-Sjoland A, Nihlberg K, Eriksson L, Bjermer L, Westergren-Thorsson G.
Fibrocytes and the tissue niche in lung repair. Respir Res 2011;12(1):76. doi:1465-9921-
12-76 [pii]10.1186/1465-9921-12-76.

Aguilar-Ruiz SR, Torres-Aguilar H, Gonzalez-Dominguez E, Narvaez J, Gonzalez-Pérez
G, Vargas-Ayala G, Meraz-Rios M a, Garcia-Zepeda E a, Sanchez-Torres C. Human
CD16+ and CD16- monocyte subsets display unique effector properties in inflammatory
conditions in vivo. J. Leukoc. Biol. 2011;90(6):1119-31. doi:10.1189/j1b.0111022.

van de Veerdonk FL, Netea MG, Veerdonk FL Van De. Diversity: a hallmark of
monocyte society. Immunity 2010;33(3):289-91. doi:10.1016/j.immuni.2010.09.007.
Tacke F, Randolph GJ. Migratory fate and differentiation of blood monocyte subsets.
Immunobiology 2006;211(6-8):609-18. doi:10.1016/j.imbi0.2006.05.025.

Nagorsen D, Deola S, Smith K, Wang E, Monsurro V, Zanovello P, Marincola FM,
Panelli MC. Polarized monocyte response to cytokine stimulation. Genome Biol.
2005;6(2):R15. doi:10.1186/gb-2005-6-2-r15.

Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1
(MCP-1): an overview. J. Interferon Cytokine Res. 2009;29(6):313-26.
doi:10.1089/;ir.2008.0027.

Lee H-W, Choi H-J, Ha S-J, Lee K-T, Kwon Y-G. Recruitment of
monocytes/macrophages in different tumor microenvironments. Biochim. Biophys. Acta
2013;1835(2):170-9. doi:10.1016/j.bbcan.2012.12.007.

Fadok VA, Bratton DL, Frasch SC, Warner ML, Henson PM. The role of
phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death Differ.

1998;5(7):551-562. doi:10.1038/sj.cdd.4400404.

238



371.

372.

373.

374.

375.

376.

Chung EY, Kim SJ, Ma XJ. Regulation of cytokine production during phagocytosis of
apoptotic cells. Cell Res. 2006;16(2):154-161. doi:10.1038/sj.cr.7310021.

Chung EY, Liu J, Homma Y, Zhang Y, Brendolan A, Saggese M, Han J, Silverstein R,
Selleri L, Ma X. Interleukin-10 expression in macrophages during phagocytosis of
apoptotic cells is mediated by homeodomain proteins Pbx1 and Prep-1. Immunity
2007;27(6):952-64. doi:10.1016/j.immuni.2007.11.014.

Mege J-L, Mehraj V, Capo C. Macrophage polarization and bacterial infections. Curr.
Opin. Infect. Dis. 2011;24(3):230-4. doi:10.1097/QC0O.0b013e328344b73e.

Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise training inhibits inflammation in
adipose tissue via both suppression of macrophage infiltration and acceleration of
phenotypic switching from M1 to M2 macrophages in high-fat-diet-induced obese mice.
Exerc Immunol Rev 2010;16:105-118. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/20839495.

Navaneelan T, Janz T. Adjusting the scales: Obesity in the Canadian population after
correcting for respondent bias. Stat. Canada Cat. 2014;82(624):X.
doi:http://dx.doi.org/10.1787/health glance eur-2014-en.

Schipper HS, Nuboer R, Prop S, van den Ham HJ, de Boer FK, Kesmir C, Mombers IMH,
van Bekkum KA, Woudstra J, Kieft JH, Hoefer IE, de Jager W, Prakken B, van
Summeren M, Kalkhoven E. Systemic inflammation in childhood obesity: circulating
inflammatory mediators and activated CD14++ monocytes. Diabetologia

2012;55(10):2800-10. doi:10.1007/s00125-012-2641-y.

239



377.

378.

379.

380.

381.

382.

383.

Emanuela F, Grazia M, Marco DR, Maria Paola L, Giorgio F, Marco B. Inflammation as a
link between obesity and metabolic syndrome. J. Nutr. Metab. 2012;2012.
doi:10.1155/2012/476380.

Johnson AR, Milner JJ, Makowski L. The inflammation highway: metabolism accelerates
inflammatory traffic in obesity. Immunol. Rev. 2012;249(1):218-38. doi:10.1111/5.1600-
065X.2012.01151.x.

Danielsen KK, Svendsen M, Mahlum S, Sundgot-Borgen J. Changes in body
composition, cardiovascular disease risk factors, and eating behavior after an intensive
lifestyle intervention with high volume of physical activity in severely obese subjects: A
prospective clinical controlled trial. J. Obes. 2013;2013. doi:10.1155/2013/325464.
Lumeng CCN, Bodzin JLJ, Saltiel ARA. Obesity induces a phenotypic switch in adipose
tissue macrophage polarization. J. Clin. ... 2007;117(1):175-184.
doi:10.1172/JCI29881.both.

West M. Dead adipocytes and metabolic dysfunction: recent progress. Curr Opin
Endocrinol Diabetes Obes 2009;16(2):178-182. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/19306530.

Mohamed-Ali V, Pinkney JH, Coppack SW. Adipose tissue as an endocrine and paracrine
organ. Int. J. Obes. Relat. Metab. Disord. 1998;22(12):1145-58. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/9877249. Accessed May 20, 2016.

Kim S, Moustaid-Moussa N. Secretory, endocrine and autocrine/paracrine function of the
adipocyte. J. Nutr. 2000;130(12):3110S-3115S. Available at:

http://www.ncbi.nlm.nih.gov/pubmed/11110881. Accessed May 20, 2016.

240



384.

385.

386.

387.

388.

389.

390.

Hirata Y, Tabata M, Kurobe H, Motoki T, Akaike M, Nishio C, Higashida M, Mikasa H,
Nakaya Y, Takanashi S, Igarashi T, Kitagawa T, Sata M. Coronary atherosclerosis is
associated with macrophage polarization in epicardial adipose tissue. J Am Coll Cardiol
2011;58(3):248-255. doi:10.1016/j.jacc.2011.01.048.

Fitzgibbons TP, Czech MP. Epicardial and perivascular adipose tissues and their influence
on cardiovascular disease: basic mechanisms and clinical associations. J. Am. Heart
Assoc. 2014;3(2):1-16. doi:10.1161/JAHA.113.000582.

Dey A, Allen J, Hankey-Giblin PA. Ontogeny and polarization of macrophages in
inflammation: blood monocytes versus tissue macrophages. Front. Immunol. 2014;5:683.
doi:10.3389/fimmu.2014.00683.

Boutens L, Stienstra R. Adipose tissue macrophages: going off track during obesity.
Diabetologia 2016;59(5):879-894. doi:10.1007/s00125-016-3904-9.

QiG,JiaL, LiY, Bian Y, Cheng J, Li H, Xiao C, Du J. Angiotensin II infusion-induced
inflammation, monocytic fibroblast precursor infiltration, and cardiac fibrosis are pressure
dependent. Cardiovasc. Toxicol. 2011;11(2):157-167. doi:10.1007/s12012-011-9109-z.
Senchenkova EY, Russell J, Kurmaeva E, Ostanin D, Granger DN. Role of T lymphocytes
in angiotensin [I-mediated microvascular thrombosis. Hypertension 2011;58(5):959-65.
doi:10.1161/HYPERTENSIONAHA.111.173856.

Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, Goronzy J, Weyand
C, Harrison DG. Role of the T cell in the genesis of angiotensin II induced hypertension
and vascular dysfunction. J. Exp. Med. 2007;204(10):2449-60.

doi:10.1084/jem.20070657.

241



391.

392.

393.

394.

Mian MOR, Barhoumi T, Briet M, Paradis P, Schiffrin EL. Deficiency of T-regulatory
cells exaggerates angiotensin II-induced microvascular injury by enhancing immune
responses. J. Hypertens. 2016;34(1):97-108. doi:10.1097/HJH.0000000000000761.
Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, Goronzy J, Weyand
C, Harrison DG. Role of the T cell in the genesis of angiotensin II induced hypertension
and vascular dysfunction. J. Exp. Med. 2007;204(10):2449-60.
doi:10.1084/jem.20070657.

Han Y lei, Li Y lin, Jia L xin, Cheng J zhong, Qi Y fen, Zhang H jia, Du J. Reciprocal
interaction between macrophages and T cells stimulates IFN-y and MCP-1 production in
Ang II-induced cardiac inflammation and fibrosis. PLoS One 2012;7(5):€35506.
doi:10.1371/journal.pone.0035506.

Roger VL. Epidemiology of heart failure. Circ. Res. 2013;113(6):646-659.

doi:10.1161/CIRCRESAHA.113.300268.

242



395.

396.

Forouzanfar MH, Alexander L, Anderson HR, Bachman VF, Biryukov S, Brauer M,
Burnett R, Casey D, Coates MM, Cohen A, Delwiche K, Estep K, Frostad JJ, Astha KC,
Kyu HH, Moradi-Lakeh M, Ng M, Slepak EL, Thomas BA, Wagner J, Aasvang GM,
Abbafati C, Abbasoglu Ozgoren A, Abd-Allah F, Abera SF, Aboyans V, Abraham B,
Puthenpurakal Abraham J, Abubakar I, Abu-Rmeileh NME, Aburto TC, Achoki T,
Adelekan A, Adofo K, Adou AKAK, Adsuar JCJC, Afshin A, Agardh EE, Al Khabouri
MJ, Al Lami FH, Alam SS, Alasfoor D, Albittar MI, Alegretti MA, Aleman A V., Alemu
ZA, Alfonso-Cristancho R, Alhabib S, Ali R, Ali MK, Alla FF, Allebeck P, Allen PJ,
Alsharif U, Alvarez E, Alvis-Guzman N, Amankwaa AA, Amare AT, Ameh EA, Ameli
O, Amini H, Ammar W, Anderson BO, Antonio CAT, Anwari P, Argeseanu Cunningham
S, Arnl??v J, Arsic Arsenijevic VS, Artaman A, Asghar RJ, Assadi R, Atkins LS,
Atkinson C, Avila MA, Awuah B, Badawi A, Bahit MC, Bakfalouni T, Balakrishnan K,
Balalla S, Balu RK, Banerjee A, Barber RM, Barker-Collo SL, Barquera S, Barregard L,
Barrero LH, Barrientos-Gutierrez T, Basto-Abreu AC, Basu A, Basu S, Basulaiman MO,
Batis Ruvalcaba C, Beardsley J, Bedi N, Bekele T, Bell ML, Benjet C, et al. Global,
regional, and national comparative risk assessment of 79 behavioural, environmental and
occupational, and metabolic risks or clusters of risks in 188 countries, 1990-2013: A
systematic analysis for the Global Burden of Disease Study 2013. Lancet
2015;386(10010):2287-2323. do0i:10.1016/S0140-6736(15)00128-2.

Fournier D, Luft FC, Bader M, Ganten D, Andrade-Navarro MA. Emergence and
evolution of the renin-angiotensin-aldosterone system. J. Mol. Med. 2012;90(5):495-508.

do0i:10.1007/s00109-012-0894-z.

243



397.

398.

399.

400.

401.

402.

Catt KJ, Zimmet PZ, Cain MD, Cran E, Best JB, Coghlan JP. Angiotensin II blood-levels
in human hypertension. Lancet 1971;297(7697):459-464. doi:10.1016/S0140-
6736(71)91085-3.

Harrap SB, Dominiczak AF, Fraser R, Lever AF, Morton JJ, Foy CJ, Watt GCM. Plasma
Angiotensin II, Predisposition to Hypertension, and Left Ventricular Size in Healthy
Young Adults. Circulation 1996;93(6):1148-1154. doi:10.1161/01.CIR.93.6.1148.
Duggan J, Kilfeather S, O’brien E, O’malley K, Nussberger J. Effects of aging and
hypertension on plasma angiotensin ii and platelet angiotensin ii receptor density. Am. J.
Hypertens. 1992;5(10):687-693. doi:10.1093/ajh/5.10.687.

Castro-Moreno P, Pardo JP, Herndndez-Mufioz R, Lopez-Guerrero JJ, Del Valle-
Mondragon L, Pastelin-Hernandez G, Ibarra-Barajas M, Villalobos-Molina R. Captopril
avoids hypertension, the increase in plasma angiotensin II but increases angiotensin 1-7
and angiotensin II-induced perfusion pressure in isolated kidney in SHR. Auton. Autacoid
Pharmacol. 2012;32(3 Pt 4):61-9. doi:10.1111/aap.12001.

van de Wal RMA, Plokker HWM, Lok DJA, Boomsma F, van der Horst FAL, van
Veldhuisen DJ, van Gilst WH, Voors AA. Determinants of increased angiotensin II levels
in severe chronic heart failure patients despite ACE inhibition. Int. J. Cardiol.
2006;106(3):367-72. doi:10.1016/j.ijjcard.2005.02.016.

Roig E, Perez-Villa F, Morales M, Jiménez W, Orus J, Heras M, Sanz G. Clinical
implications of increased plasma angiotensin II despite ACE inhibitor therapy in patients

with congestive heart failure. Eur. Heart J. 2000;21(1):53-7. doi:10.1053/euhj.1999.1740.

244



403. Nicola W, Sidhom G, El Khyat Z, Ibrahim S, Salah A, El Sayed A. Plasma angiotensin II,
renin activity and serum angiotensin-converting enzyme activity in non-insulin dependent
diabetes mellitus patients with diabetic nephropathy. Endocr. J. 2001;48(1):25-31.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/11403100. Accessed May 22, 2016.

404. Daugherty A, Manning MW, Cassis LA. Angiotensin II promotes atherosclerotic lesions
and aneurysms in apolipoprotein E-deficient mice. J. Clin. Invest. 2000;105(11):1605-12.
doi:10.1172/JCI7818.

405. van Ginkel S, de Haan A, Woerdeman J, Vanhees L, Serné E, de Koning J, Fliick M.
Exercise intensity modulates capillary perfusion in correspondence with ACE I/D
modulated serum angiotensin II levels. Appl. Transl. genomics 2015;4:33-7.

doi:10.1016/j.atg.2015.03.002.

245



406.

407.

408.

Schulz A, Jankowski J, Zidek W, Jankowski V, Zhuo J, Ferrao F, Zheng Y, Li X, Braun-
Menendez E, Fasciolo J, Leloir L, Mufioz J, Wolf G, Butzmann U, Wenzel U,
Siamopoulos K, Kalaitzidis R, Rodriguez-Iturbe B, Garcia GG, Jankowski V, Vanholder
R, Giet M van der, To6lle M, Karadogan S, Gobom J, Furkert J, Oksche A, Krause E, Tran
T, Tepel M, Schuchardt M, Schliiter H, Wiedon A, Beyermann M, Bader M, Todiras M,
Zidek W, Jankowski J, Jankowski V, Tolle M, Santos R, Giinthner T, Krause E,
Beyermann M, Welker P, Bader M, Pinheiro S, Sampaio W, Lautner R, Kretschmer A,
Giet M van der, Zidek W, Jankowski J, Grzybowski J, Bilinska Z, Janas J, Michalak E,
Skwarek M, Ruzytto W, Hermann K, Eschenbach C von, Tschirschnitz M von, Ring J,
Shimamoto K, Nakagawa M, limura O, Sim M, Qui X, Huang W, Yang Y, Wu S, Jin Z,
Bao D, Gan H, Brun V, Masselon C, Garin J, Dupuis A, Sturm R, Sheynkman G, Booth
C, Smith L, Pedersen J, Li L, Chambers E, Fountain K, Smith N, Ashraf L, Karalliedde J,
Cowan D, Legido-Quigley C, Thomas A, Geyer H, Kamber M, Schianzer W, Thevis M.
Absolute quantification of endogenous angiotensin II levels in human plasma using ESI-
LC-MS/MS. Clin. Proteomics 2014;11(1):37. doi:10.1186/1559-0275-11-37.

Huang F, Guo J, Zou Z, Liu J, Cao B, Zhang S, Li H, Wang W, Sheng M, Liu S, Pan J,
Bao C, Zeng M, Xiao H, Qian G, Hu X, Chen Y, Chen Y, Zhao Y, Liu Q, Zhou H, Zhu J,
Gao H, Yang S, Liu X, Zheng S, Yang J, Diao H, Cao H, Wu Y, Zhao M, Tan S, Guo D,
Zhao X, Ye Y, Wu W, Xu Y, Penninger JM, Li D, Gao GF, Jiang C, Li L. Angiotensin II
plasma levels are linked to disease severity and predict fatal outcomes in H7N9-infected
patients. Nat. Commun. 2014;5. doi:10.1038/ncomms4595.

Lerman LO, Chade AR, Sica V, Napoli C. Animal models of hypertension: An overview.

J. Lab. Clin. Med. 2005;146(3):160-173. doi:10.1016/j.1ab.2005.05.005.

246



409.

410.

411.

412.

413.

Ferrario CM. Role of angiotensin II in cardiovascular disease- therapeutic implications of
more than a century of research. J. Renin-Angiotensin-Aldosterone Syst. 2006;7(1):3-14.
Timmermans PB, Wong PC, Chiu a T, Herblin WF, Benfield P, Carini DJ, Lee RJ,
Wexler RR, Saye J a, Smith RD. Angiotensin II receptors and angiotensin II receptor
antagonists. Pharmacol. Rev. 1993;45(2):205-51. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/15831358.

Bonjour JP, Malvin RL. Stimulation of ADH release by the renin-angiotensin system. Am.
J. Physiol. 1970;218(6):1555-9. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/6753605.

VanGuilder HD, Vrana KE, Freeman WM. Twenty-five years of quantitative PCR for
gene expression analysis. Biotechniques 2008;44(5):619-626. doi:10.2144/000112776.
Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Joo SW, Zarghami N, Hanifehpour Y,
Samiei M, Kouhi M, Nejati-Koshki K. Liposome: classification, preparation, and

applications. Nanoscale Res. Lett. 2013;8(1):102. doi:10.1186/1556-276X-8-102.

247



APPENDIX A - GENOTYPING

WT CCR2-/-

Appendix A - Figure 1 — Results from genotyping WT and CCR2”" mice for CCR2. WT mice
exhibited the full length gene (424 BP), while CCR2"exhibited a disrupted gene (280 BP), which
was consistent with ongoing genome analysis in the breeding colony.
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Wild Type CX3CR1-/-

Appendix A - Figure 2 — Results from genotyping WT and CX3CRI™" mice for CX3CRI.
Consistent with previous reporting, WT mice exhibited the full length gene (10 kBP), while
CX3CRI " exhibited a gene disrupted through the replacement of a fragment of the start codon
with a neomycin resistance gene (12 kBP).
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APPENDIX C - ENDNOTES

' Atria also contain baroreceptors for communicating sudden decreases in blood pressure to the
hypothalamus. In addition, the atria are also home to the sinoatrial node — the origin of the
heart’s electrical signals.

" Also known as heart failure with preserved ejection fraction.

" Mechanical unloading of failing hearts is a relatively novel therapeutic approach that may
permit the heart to repair under reduced stress conditions. Ventricular assist devices aid the heart
in circulating blood. In turn, the heart does not have to contract with the same force, thus
preventing the heart from having to work and repair simultaneously.

" This is an area of active debate. While cardiomyocytes do not readily proliferate like some
other cell types, there may be subsets of progenitor cells capable of replacing some lost
cardiomyocytes. Importantly though, there does not seem to be a sufficient number of such cells
to repair entire areas lost to infarct in normal individuals.

¥ Angll metabolite Ang-(1-7), which is generated via the enzyme ACE-II, can also bind the
MAST1 oncogene receptor. In brief, AT4R is primarily expressed on vascular endothelial cells
and is believed to play a role in the pro-coagulation effects of Angll by inducing increased
expression of pro-coagulant factors and is not the focus of this thesis.

¥ The role of CXCL12, also known as SDF-1, is a bit more ambiguous: this pleiotropic
chemokine is often associated with the recruitment of progenitor cell populations from the bone
marrow. In the case of CVD, upregulation of CXCL12 is believed to be involved in the
recruitment of a particular progenitor cell population termed endothelial progenitor cells. In
addition, CXCL12 is associated with cardiomyocyte survival in models of infarct and ischemia.
The only non-ischemic cardiac models that potentially implicate CXCL12 in progenitor cell
migration involve the contested cell type termed fibrocytes, but the evidence is unclear.

" Evidence indicates that CD4 " T-cells are responsible for the oxidative stress involved in
vascular dysfunction — the details of which are beyond the scope of this thesis

Y'NO promotes vasodilation

" Fibrocytes are a contested cell type that I will be discussing further in the section on monocyte
and M® phenotypes.

“CDl11b is also expressed strongly on neutrophils and thus, this method of monocyte/M®
depletion is relatively non-specific

¥ This demand does not necessarily imply that the strength of the inflammatory response is
warranted.

" The specifics of DAMP release and signaling are beyond the scope of this thesis, but were
important in highlighting the pro-inflammatory response in cardiac healing.

! Lymphocytes exposed to AnglI produce IFN-y and ATIR blockade significantly reduces
lymphocyte IFN-y production. These effects are believed to be mediated through CD4" T-helper
cells, which have also been shown to have a role in Angll-mediated hypertension. AnglI-
exposed Ragl”™ mice exhibit reduced hypertension in a process dependent on T-cell infiltration
into the vasculature. The production of IL-12p35 by M® may be upstream of these CD4" T-
helper cell effects.

¥ While not ideal, M1 activation was induced through the collection of M® following peritoneal
thioglycollate injection.
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“ T-regulatory cells have also been shown to have a protective role in Angll and hypertensive
models, which may be mediated by their production of IL-10

' To the best of my knowledge, no study has specifically shown M2 M® producing TGF- in
the myocardium though.

' Neutrophils also express FcyR and they’re adhesion to the endothelium is inhibited by SAP
' In the AMD3100 study, we had to switch to CD45 as the hematopoietic marker because the
CD133 antibody was suddenly discontinued with reference to non-specificity and no viable
replacement could be purchased.

** Immunohistochemistry was only used for CX3CR1 labeling.

“ Further characterization, including proper quantification, was impeded by the discontinuation
of CX3CR1™" mice by Taconic.

I The use of yang (positive) is intended to reflect the fact that CX3CR1 appeared more
beneficial to retaining an M2 rCM® phenotype. In contrast, the use of yin (negative) reflects the
fact that CCR2 could be detrimental to retaining an M2 rCM® population.

I [L-12 and IL-35 share a common p35 subunit.

il Again, one cannot separate this observation from age. The animals in these experiments were
10-12wk old female mice.
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