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ABSTRACT

Remarkable advances have been made in the treatment of cardiovascular diseases
(CVD), however, CVD still accounts for the most deathsindustrialized nations.
Ischemic heart disease (IHD) can lead to acute coronary syndrome (ACS) (myocardial
infarction [MI]). The standard of care is reperfusion therapy followed by pharmacological
intervention to attenuate clinical symptoms relatethéoMI. While survival from Ml has
dramatically increased with the implementation of reperfusion therapy, these individuals
will inevitably suffer progressive pathological remodeling leaving them predispose to
develop heart failureHF). HF is a clinichsyndromedefined as the impairment of the
heart to maintain organ perfusion at rest and/or during times of exertion (i.e. exercise
intolerance). Clinically, this is accompanied by dyspnea, pulmonary or splanchnic
congestion and peripheral edema. PHggiaally, there is neurohormal activation through
t he c | ie;adrenergicaand PKiAdependent signaling cascade to maintain cardiac
output (CO) and mean arterial pressure (MAP). Overtime, the heart becomes desensitized
or increases negative feedbackgo® wh i cihdreaergic ecreades in contractility.
Presently the only solution fétF is cardiac transplantation. All other interventieither
attenuate the symptoms, slow the progression of disease or offer a bridge to transplant.
Novel strateges to improve cardiac pump function and inhibit pathological remodeling are
necessary to reduce the number of patients who suffer from HF. The overarching theme
of this dissertation is to investigate novel therapeutic strategies to combat episodic/ acute
decompensation (ADHF) or alter the pathological remodeling observed after ischemia
reperfusion (I/R). We performed studies which looked at two separate and distinct novel
treatment strategies.

First, we investigated the therapeutic potential of a novaitige inotrope,

ruboxistaurin (RBX), which inhibits protein kinase C, a negative regulator of contractility



in models and patients with HF. We wanted to establish structural and functional
abnormalities that are consstwith patient who present witHF with reduced ejection
fraction (HFrEF) secondary to Mhen compared RBX to a more well established positive
inotrope, dobutamine (DOB), and looked at functional, cellular and molecular changes
within the myocardium. This allowed us to comprehenghetrer RBX was more
efficaciouswhen compared to a standard of care treatment strategy for those who present
with ADHF. We demonstrate that after M| there is progressive pathological remodeling
observed through ventricular dilation, reduced contractility lasd contractile reserve
when administered DOB as compared td pte When we administered RBX there were
distinct advantages to utilizing this pharmacological agent in comparison to DOB. RBX
too increased contractility as observed through hemodynamampgers but also reduced

LV capacitance, through an observed shift in the EDPVR. Furthermore, RBX altered
PKCU activity, yphospholamlanPIeND phasghorygatoin, a onajor
downstream target of classical PK&lependent signaling. These debafirmed that RBX

is a PKA independent strategy to increase contractility in a large animal model of early
stage HF. While safe and seemingly efficacious, if we could create novel therapeutics
which would inhibit or reverse pathological remodeling whieads to HF we could
revolutionize the way patients are treated when they present with an MI. This is the
strategy we used in our second treatment, utilizing a novel stem cell population from the
cortical bone to alter pathological remodeling post Ma preclinical large animal model.

Our hypothesis consists of the idea that if we can alter the initial reperfusion injury,
that it will change the trajectory of structural and functional abnormalities observed post
MI. We performed an Ml in a large aninmabdel, which we previol describe develops
a HFrEF phenotype. Immediately following MI, we deliver cortical bone stem cells
(CBSCs) or vehicle, in a blinded, randomized fashion, through transendocardial injection

using the NOGAMYOSTAR® catheter. Wehten followed the animals for 3 days, looking
i



at alterations to initial injury and cell retention, at® months, giving the model time to

develop characteristics of HF. Our results dledemonstrate no change in initial injury

with CBSC treatmentandh at t he cell s are retained for
MI, there was preserved EF, and increased cardiac systolic reserve with a DOB stress
response. A reduction in scar size and compensatory hypertrophic response, at the cellular
level, was bserved with CBSC treatment too. While the mechanism of action needs to be
studied further, we believe that the CBSCs modulate the inflammegsppnse which
occursupon reperfusion therapy.

Collectively, the data presented in this dissertation providepcehensive
evidence that (1) PKCU activity is increc:
mechanism for reduced contractility after
increases contractility, reduces LV capacitance without alteration ofca#sisadrenergic
and PKA dependent signaling(2) That cellbased therapyimmediately post M
preserves cardiac structure and functional reserve after acute MI, potentially through
immunéd modulation, altering pathological remodeling and inducing pralifen of
endogenous myocytes.Elucidating and investigating novel targets and therapeutic
strategies, such as these, in a large animal model, is important for translating these
treatments to patients who suffer from IHD, leading to pathological remgdeiohcardiac

dysfunction associated with acute MI, which subsequently manifest itself as HFrEF.



DEDICATION

This dissertation is dedicated to my family for all
their unconditional love and support
throughout this endeavor.



ACKNOWLEDGMENTS

| would like to express my deepest gratitude to my mentor, Dr. Steven R. Houser,
who has provided me with extraordinary support and guidance during my PhD. studies.
His leadership, expertise in the field of cardiovascular science and passion for the
devebpment of the next generation of scientist is unparalleled. This body of work would
not be possible without his insight, funding, time, resources and most of all his patience.
Thank you for inspiring me, challenging me and supporting my scientific miaturavly
future success will be a direct reflection of the positive influence you have haxy on
scientificand professional career, as well as my life.

| want to thank each one of my committee members, Dr. Walter J. Koch, Dr. Fabio
Recchia, Dr. AbdéKarim Sabri and Dr. David J. Lefer for the invaluable feedback,
expertise and mentorship on the scientific process. You have all served as unbelievable
mentors to me and aided in the development of my scientific career; and for that | am truly
indebted.

A special thank you to my colleagues (past and present) in the Houser laboratory.
Thank you for the years of professional and personal friendship, the scientific
conversations and the support during both the woes and triumphs of performing top notch
resarch. You have all left your mark on my professional development, career and personal
life. 1 will cherish those memories for a lifetimedan | 6 m s o grateful for

To Dr. Hajime Kubo and Remus Berretta, thank youyioar mentorship and
friendshp; each of you has taught me fines and outsof biomedical research at the bench
and next to the surgical table. | am now the scientist and researcher | am today because of

the two of you.
Vi



To Dr. Jon George, thanfou for your expertise and patiengeteaching me the
clinical skills necessary to perform preclinical translational cardiovascular reséeeh.
fullitime clinician, your dedication to teaching young physicians and sciences is
remarkable. It has been wonderful to develop both a profedsielationship and personal
friendship with you.

Tomylovingfamilyldonét think any of wus thought
but your constant loving support throughout all my endeavors in life have made this day
possible. To my loving pares)t Susan and Tom, thank you for instilling a true
understanding of hard work, dedication and commitment to all that | set out to do, and for
teaching me to respect other and myself, and for giving me the foundation to meet all of
Il i f eds c hahal thisigass not posshletwithout the love and support from my
step father, Joseph Marino. | cannot express in word my deepest gratitude for all that you
have done for me. You too have given me the tools necessary to be the educated, hard
working, darismatic individual |1 have become, and for that | am grateful. To my sister,
Kathleen, thank you inspiring to be the best big brother possible, your compassion for
other, success (academically and athletically) and drive motivates me to a better person
daily. To my grandparents, who have been so ever present in my life, thank you for giving
me the core values with which | believe in draled to my success in life thus far and
wi || be the backbone to my | ifebs work.

Finally, to the Temple Unersity, Lewis Katz School of Medicine, Department of
Physiology & Cardiovascular Research Center, | want to thank all its members for their
guidance, support and expertise. Thé" fidor in the Medical Education Research

Buil ding is trulhapgkyau. f ami | yé Home
vii



TABLE OF CONTENTS

Page
N T I ¥ O PP li
] 9 1 (@ AN I 0 ]\ SN V.
ACKNOWLEDGMENTS. ...ttt ceeeieeee et eeettis e e s seeneeeeeennnn e e e s eennnnn e ea VI
LIST OF TABLES. ... .ot eee e e e et e e et e e e et e eees Xiv
LIST OF FIGURES. ...ttt e e ee et e e e e e e annmaeeeees XV
LIST OF ILLUSTRATIONS.....cc ettt nnme e e e e eeenans XVii
ABBREVIATIONS .o rmme e e e e e e e e et e eneee s XViii
CHAPTER
I | L 1 1 L O I 0 ]\ 1
The Inception of Cardiovascular Research and Cardiology.................cuvvueen. 1
Acute ronary Syndrome & Heart Failure.............iiiiiiieeciiieeee, 5.
Epidemiology and Etiology..........ooooiiiiiiiiiiineen e 5
PathopNYSIOIOQY. . ...ttt 6.
Standard Of Care.......cceeei i eeeeeeeeeee e 9.
Milestones in Cardiovascular Medicine and Research...............cccvveeeennnee 12
Novel Treatment Strategies and Therapeutic Testing..................... 14
PharmacologiCal............oooouiiiiiiiiii e 14
Electromechanical DevViCes.............oooviiiiiiemn e 16
Gene & Stem Cell Therapies...........oooeiiiiiiiimeen e 17
2. STEM CELL THERAPY FOR THE HEART.....ouiiiii e 20
HISTOTY. ..ttt e 20

viii



Stem Cell Populations for Cardiac Regeneration Basic and Clinical

RESEAICH . ...t 21
Bone Marrow derived Stem CellS........ooovviiiiiiiiiiii 21
UnfractionatedBone Marrow Mononucleatells ....................... 23
Hematopoietic Stem CellS.........ooovviiiiiiiiiiiis 24
Mesenchymal Stem CellS.........eoiiiiiiniii e 26

Cardiag derived Stem CellS........ooooiiiiiiiiiiee e 28

Ci kit+/ Hematopoietic Lineage ...........ccccuvvvevrieeiiiieesiiieieeeeen, 28
Cardiospheréderived Stem Cells............covvvvviiiiiiieciiiieeeeies 29

Cortical Bone Stem CellS........oovviviiiiiiiiiiic e 31

Stem Cell Delivery TEChNIQUES.........covviiiiiiiiiiii e 32
INEFAVENOUS ... e e e 32
1= e 0] (0] = PP 33
INtramyocCardial............cccuuuiiiiiiiiieee s 33
MechaniSM(S) Of ACHOML........uuiiiiiiiiiiiii e 34
Transdifferentiation...............c..eeeeiiiiiieeriii e 35
MYOGENESIS. ..cceiiiiieeeee e ee e 35
NeOoVaSCUIANZAtION........cooeiiiiiiieeee e 37
Paracrine HYpOtheSIS........ooooiiiiiiiiiee e 38

Cell Survival and Inhibition of APOPLOSIS.........evvveieiiiiiiiiieeeieenee. 38
ANGIOGENESIS ...ttt e rer bbb e e e e eeeess s e e e e e eeeaeaeeas 39

ECM Remodeling.........oooiiiiiiiiieees e 39



Homing of Endogenous ProgenitBells..............cceeeiiiiiivieecennnnnn. 40

AULOCHNE SIGNAING....eeeieiiieiiieieeee e 40

IMMUNG MOAUIALOIY.......ceviiiiiiiiiie e 41

3 o U 7] o] o USRS 42

3. SWINE MODELS OF CARDIOVASCULAR DISEASE.........cccoiviviiieeeveen, 43
00 3] ox 1o o PSR RRSPP 43

Acute Myocardial Infarction Model..............oiiiiiiiieniiiiieeeee A4

Heart Failure MOEIS............uueiiiiiie e vreers e e e 46
Endovascular MOAEIS. ...........uuuueiiiiiiis i vreere e e e e e e 50
[@0] o Tod 1113 (0] o PP 51

4. METHOLOGY AND MATERIALS. ...ttt reen e 52
Cortical Bone Stem Cell Isolation, Expansion and Characterization.......... 52
Lentivirus Transduction and SEXISMALC.........cccoovveeriiiiiiiiieeeie e, 54

51 Ethynyli 2 iddeoxyuridine (EdU) Administration..............coeevvvvvvvvieemeneneeeee. 54

Ischemid Reperfusion Induced Myocardial Infarction Percutaneous

Transluminal Catheter ANQIOPIS(PTCA).....covviiiiiiiiii e 54
Transthoracic Echocardiography...........cooooiiiiiiimmmnnieeeeee e 57
INvasive HEMOAYNAMICS........ooiiiiiiiiiii e 59
NOGA Electromechanical ASSESSMENT............oooviiiiiiimmmre e 60
Tissue Processing and Gross MOrphOmMEeLry...........eevevvvvvviieeeiiiiiieiieiinnnee 62
IMMUNOTIUOIESCENCE. ..o 65
Confocal Imaging and ANAIYSIS.........cooueeiiiiiiiiiiicce e 66
Genomic DNA Isolation and PCR...........oooiiiiiiiiiiinnn e 68



Protein ISOIAtION. .. .. e et e e eanaan 69

VLI (=] ¢ =] (o] TP 70

5. LARGE ANIMAL MODEL OF HEART FAILURE WITH REDUCED

EJECTION FRACTION SECONDARY TO ISCHEMIC HEART DISEASE

AND THE USE OF RUBOXISTAURIN AS A NOVEL POSITIVE

Y 0111 = Vo U 41 |
0T[5 ox 1o]  USSP 72
Materials and Methods...........ccooeeeiiiiiiiieee e D
RESUIES. ..t rree e e e eeaaraane 79
Left Ventricular Remodeling after Myocardial Infarction.................. 79
Reduced Contractile RESEIVE........coovviviiiiiiiiieeee e 83

Ruboxistaurin Treatment Reduces Filling Volumes and Increase
CONLraCHlItY......oo e 33
Ruboxistaurin alters PKCU Phosphoryl
key PKA Downstream Targel...........ooooooieiiviimmmnnsiiiiivieeeeeeee 36
3 o U 7] o) o PP 87

Dobutamine (DOB) Effects on Ventricular Contractility are

Reduced in the Swine Myocardial Infarction Model................... 0
Ruboxistaurin Increases Cardiac Coaotildy in a HFrEF Model.......... 90
Ruboxistaurin Causes Reductions in Filling Volumes..................... 91

Ruboxistaurin Inhibits PKCU Inhibit.i

PKA Me diladrdnerdic AQONISM........cevviviiiiiiiiiiiiiieeiiieeee, 93
Xi



LIMIEALIONS. ...t 93
Summary and CONCIUSIONS..........ooviiiiiiiiiiiie e 4
6. CORTICAL BONE STEM CELL THERAPYPRESERVES CARDIAC
STRUCTURE AND FUNCTION AFTER MYOCARDIAL INFARCTION:

A BLINDED, RANDOMIZED, PLACEBO CONTROLLED

PRECLINICAL STUDY ..ttt 95
ADSIITACT ...t 95
1o o [ o1 o] o DU PP PP PP PP PRSP 96
Materials and MethOdS. .........eviviiiiiiiiii e 100
RESUILS. ...ttt 102

ACULE STUAY (72NIS)...eeiiiiiiiiiiiiiieie e 102

Initial Injury, Safety and Ei€acy of Deliveryand Cell

] (=] 0] 1o o 1SRRI 102
CBSC Treatment Increases Cell Proliferatian........................c. 108
Longiterm Study (3 MONtNS)........uuuiiiiiiiiiiiiici et 109
Preservation of LV Structure and Function..............cccoeeeeeveeeeees 109

Inhibition of Hemodynamic Deterioration and Preserve
Contractile RESEIVE. .........iiieii e 112
CBSC Tretment Reduced Scar Size, Inhibits Hypertrophic
Remodeling and Induces Myocyte Proliferation............. 117
3 o U 7] o] o ST 119
CBSCs Are Not Cardioprotective But Preserves Intrinsic

Myocardial Performance.............ccveiiiiiiiieeeiiiieeeeeeee e 122
Xii



CBSCs Survive and Expand During the First Few Days Post IR/MP3

CBSC Therapy Reduces Post MI Structural and Functional

RemMOdEIING.......oo e 124

CBSC Therapy Increases Muscle Mass in the Post MI Heatrt....... 126

LIMIEALIONS. ... eeee e 128
Summary and CONCIUSIOMNS..........coeviiiiiiiiiimreeeeiriirre e eeesr s 128

7. DISCUSSION AND FUTURE DIRECTIONS.........oiiiiiiiiie e 129
REFERENCES CITED . .....iiiiii et temme e 140

Xiii



LIST OF TABLES

Tabe Page
.Overview of Ani mal Studies with X2tem Cel |
.Overview of Clinical Trials with3Stem Cel
.Anti bodies for Hiésteleegiéealée. Aal.6gs i s é
.RBX I nvasive Hemodynamicséééééc&eciééeéééécéé
RBX Electrocardiogram Measuremefité € € € € € € € é é € é 91

Acute (72hr) Study Demographe ¢ € € é é é é é e € € € e . 99

////////

. Three Month Study Demographics d@Bééééeécéce

. CBSCiInvasiveHemdynami csééééeeeeeéeéééééee. .e. . e. 1

Xiv



LIST OF FIGURES
Figure Page

1. Major Discoveries Leading to tharh of Cardiology and Cardiovascular

,,,,,,,,,,,

3. Electrocardiogram (ECG) Characteristics Beforeribpand Post Mé € € é € . 6 5
4. Coronary Angiography and Electrocardiogram duringivbcedure® é é . 58

5. NOGA Electromechanical Assessment and Therapeutic Delivery Validati&ré . 61

,,,,,,

6. Tissue Processing and Confocal Image Acquisiéiché € . é € é é € € 64

7. Independenimage Analysis Validating EdUMyocytesé é . é é é é é é 67
9. RBXStudy Timelineé e é e é e éeéeéeéeéeé. éeéeéerb
100.Gross, Cellular and Mol ec.udé&aégeé&éeModel i ng

///////////////////

12Hemodynami c Deterioration éééé€o8Acute My
13.Al tered Hemodynamic Response étéo 8@obut amin

14. Assessment of LV Volumes with RBX Treatment after M| and in Control

///////////////////////////

155 RBX ReduidessEpbpdic PVR and. ¢émpé &8s Contr a

16.RBX ReduUORmlo sPKICor yl ati on at T638 and Does

,,,,,,,,,,,,,,,,,,,,,,,,

"""""""""

"""

rrrrrrrrrrrrrrrrrrr

rrrrrrrrrrrrrrr

XV



20. Confirmation of CBSC Viability Post Catheter Injectiog . é éé é é é ...106

,,,,,,,,,,,,,

21.CBSCRetention and Proliferatioh é é ¢ é ¢ é 6 ¢ 6 € é . é é é é é107

/////////////////////////////

11111111111111111111111111

27.CBSC Treatment Increases EdMyocytes in the Border Zonésé é é é . . 0 1 2
28.CBSCsIncrease EdlMy ocyt es 3 Moénéséd. éPéoésété él.RY/ M2

29.Representative EdWMyocytes fromCBSCt r eat ed Ani mal s 3 Mons¢
Méééeeéeééeééeeée. ééeéecéeeeéeceée 15

30LConceptual Design o&€é Réedéc.adéecdé ell3d. Del i ve

XVi



LIST OF ILLUSTRATIONS

lllustration Page

1.

The Development and Progression of Atherosclerosis Leading to

Pl ague Rupture éééééééééééécééééed. ééééééé

The Progression of Pathologidemodeling and DevelopmentldFrEFé . .11 .

//////

Proposed Mechanism of Stem Cell Mediated Repairé é . é é é € é €36
Centr al Il ustration for the Rubl8xi stauri

Centr al Il 1 lTustration for the Corl4di cal Bon

Xvii



LIST OF ABBREVIATIONS
ACST Acute Coronary Syndrome
ADHF 1 Acute Decompensated Heart Failure
AW i Anterior Wall
BMMNC i Bone Marrow Mononuclear Cells
BZ, BDZi Border Zone
CBSCi Cortical Bone Stem Cell
CDCi Cardiaé derived Cdb
CHD1 Coronary Heart Disease
CO1 Cardiac Output
CSAI cros$ sectional area
CSCi Cardiac Stem Cells
cTnli cardiac Troponin |
CVD1 CardiovasculabDisease
DCM i Dilated Cardiomyopathy
DOB Dobutamine
dP/dT maxi maximalchange in pressure over chamgéme
dP/dT mini minimal change in pressure over change in time
ECHO1 Echocardiography
EDPVRI End Diastolic Pressure Volume Relationship
Eesi End systolic elastance
ESPVRI End Systolic Pressure Volunfeelationship

HF i Heart Failure

XVili



HFpEFT Heart Railure with preserved Ejection Fraction
HFrEFT Heart Failure with reduced Ejection Fraction

HRT Heart Rate

HSCi1 hematopoietic stem cells

I/R T Ischemia/reperfusion

IHD i Ischemic Heart Disease

IZ i Infarct Zone

LVEDV, Vedi Left ventricular enddiastolc volume

LVEF, EF1 Left ventricular ejection fraction

LVESV, Vesi Left ventricular endsystolic volume
LVVPdl0T left ventricular volume at pressure éddastole 10mmHg
LVVPesl 00T left ventricular volume at pressure ésgstole 100mmHg
LW i Lateral Wal

MI i Myocardial Infarction

MSCi mesenchymal stem cells

NSTEMIT Noni STi segment elevated myocardial infarction
PCIi Percutaneous Catheter Intervention

PdevT Pressure developed

Peqs, Pressurgi Pressure endliastole

Pes, Presurgs’ Pressure endystok

PKA'T Protein Kinase A

PKCi Protein Kinase C

PLNT Phospholamban

XiX



PMI T Post Myocardial Infarction

PRSWi Preload Recruitable Stroke Work

PTCAT Percutaneous Transluminal Catheter Angioplasty
PWi Posterior Wall

RBX T Ruboxistaurin

RCM1 Restrictive Catiomyopathy

RZ1 Remote Zone

sBDZi septal Border Zone

STEMIT STi segment elevated myocardial infarction
SVi Stroke volume

SWi Septal Wall

TAC T Transaortic Constriction

TTC1 Triphenyl Tetrazolium Chloride

Vo1 Volumelintercept

WGA i Wheat germ agglutiin

XX



CHAPTER 1

INTRODUCTION
The Inception of Cardiovascular Research andCardiology
AThe blood current fl ows ¢ ontwasthecomdusion i n a
ofHuangTiINA Chi ng Su Wen, in Chinads Yelrcaow Emp
2600 BCE(1). This was one of the first documentations of an awareness that the heart and
circulation existed. In 1628, long beforlsaac Newton, William Harvey performed
hypothesis driven experimentdere hedescribedhe circulation and the function of the
heart, published iDe motu cordig2). A century later, in 172Zleberden(3), describes
for the first time,anginapectoris The invention of one of the most cormmplace tools
amongclinicians, the stethoscope, in 1819, by French Professor Rene Laennec, aided in
diagnosingvalvular heart diseagd). While observatiolacommentary of the heart and
the beginningf classical biological experimentatibl@dbegunin the eighteenth century
it wasnodét wuntil the turn of the nineteenth
born from three major discoveries dsscrited by Eugene Braunwald4). Braunwald
describesow the X ray, the sphygmomanometer, and the electrocardiography drove the
development of a clinicabpecialty known as cardiologyFigure 1.0) The Xray
developed by WilhelnRontgenin 1895(5), the first Nobel Prize winner in physics in 1901,
which led to the capability of showing ar di ac si ze and shape th
Fluoroscopythen permittedan assessment of cardiac motion. The ability to assess ones
blood pressuraoni invasively, with a cuff, was developed by Riva Rocci, in 1896l the

use of auscultatorymeasurements to determine blopdessureby Korokoff in St.



Petersburg, Russia in 190%). The electrocardiogram, which measures delta change in
the heartsodé electrical conductance system
galvanometer, in 190@), he subsequently was awarded the Nobel Prize2d.18hese
technologicahdvances are still used as standards in today clinical practice and have led to
the advancement in basic cardiac physiology, diagrsosiind treatment of cardc
pathophysiology conditionsThe clinicians, during this period indtory, who utilized
these three tool s, were considered O&éheart
describes(4). These milestones were followed byethdevelopment of cardiac
catheterization, bring upon the clinical practices of angiography and percutaneous coronary
intervention (PCI).

Two decades after the discovery of the electrocardiogram, in 1929 Werner
Forssmann performed the first cardiac cathatzation, in Eberswalde, Germany, on
himself (7). It wasnodot wuntil 1941 at Col umbia U
Cournand and Dekinson Richard$8) began using cardiac catheterization for research and
subsequently, as a diagnostic tdimerging from cardiac catlextzation were important
therapeutic techniques (angioplasty/stenting), the clinical field of electrophysiology, and
the ability for resynchronization therapy of patients suffering from arrhythcagiseter
based aortic valve replacement and arteriogrémiselectiorof patients needing coronary
artery bypass graft surgery (CABGy angioplasty, as pioneered by Gruntzig and
colleagues in Zurich(9). Animal experiments in #9century describe how total ligation
of a coronary artery in the dog leads to mortality, and that this may be the same for humans

who suffer thrombotic coronary ocdion. Contrary, in 1901, Krefil0), describes one of



the first reports of coronary occlusion in a human, that presented withpehestauses

acute myocardial infarction (AMI). Herrick, an American physician, was one of the first

to describe AMI to the English speaking world, while also describing the electrocardiogram

changes observed during thi®ndition (11). Shortly thereafter, in 1910, the first

description of cholesterol being found in an aortic plague from human was observed by

Adolf Windhaus(12), a German, Nobel prizevinning, organic chemist. In 1913, two

Russian scientist, Atichkov and Chatow, performeda basic science experiment

demonstrating thecausalact i on of i ncreased chol ester

incorporation into early aortic plague formation in rabflt3). Windhasd s, Ani t schk

and Chal atowds observations gave rise to t
With a clinical description of AMI and a theory for how coronary artery disease

(CAD) develops, this gave physicians and scieafmsitential etiology fomdividualswho

suffered from O6heart f ai | uHFeard  reCodgniipn.oftheHo we v

syndrome as a clinical entity was made in the eighteenth century. In 1785, William

Withering, describes the use of foxglove (i.e. digitalis), publishimigs 6 capabi | it

strengthening and slowing the he@lrdl). With these obarvations, inventions and early

biological research, has led to modern cardiology and cardiovascular research. Current

clinical practices are more evideibased with a globaperspective In parallel,

cardiovascular research is more collaborative andsed on prevention of diseases and

further progression, along with enhanced comprehension of the molecular and genetic

alterations in cardiovascular disease (CVD).



Hand with Rings: a print
of one of the first of
Wilhelm Rontgen's X-ray
photographs. It shows the
left hand of his wife, Anna
Bertha Ludwig, and was
presented to Professor
Ludwig Zehnder of the
Physik Institut, University
of Freiburg, on 1 January
1896.

Source: National
Aeronautics and Space
Administration (NASA)

Wilhelm Conrad Rontgen.

Lithograph. Courtesy: Jacob van 't
Hoff Collection, Ms. 74, Special Collections,
The Sheridan Libraries, The Johns Hopkins University

Nikolai Sergeyevich Korotkov — Inventor
of auscultatory technique for blood
pressure measurement.

Zimmermann, E.
1905.
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Figure 1.0Major DiscoveriesLeading to the Birth of Cardiology and Cardiovascular Science

in the Late 19" and Early 20" Century Portrait and image of Wilhelm Ronthen who developed
the Xiray (top panel). Portraits of Riva Rocci (left), who developed the blood pressure cuff, and
Nikolai Korotkov (right) who developed the tetdhue to measure blood pressure (middle panel).
Willem Einthoven who recorded the first human ECG (lower panel).
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Acute Coronary Syndrome and Heart Failure

Epidemiologyand Etiology

Coronary heart disease (CHD) accaufdr roughly 7 million deathsannually
worldwide and $16 trillion of the projected $47 trillion in econonvssesdue to
noncommunicable diseaseser the next 20 yearfl5). In the U.S.alone, CHD is
responsible for over 1 million hospital admissions anguyab); despite these staggering
numbers, CHD mortality has decreased over the last d€t@devhich may be in part due
to the shiftin acute coroary syndrome (ACS)A steady decline in SBegment elevated
ACS (STEMI) and a rise in narSTi segment elevatedCS (NSTEMI) may account for
this reductio in mortality(18). This shift is potentially due &hangen diagnostic testing
and treatment of patients who present with ACS and differences in patient pvefilthe
last decade, consisting of a decrease in the prevalence of smoking, impoowexd of
hypertension with an increase irdiabetesmellitus, obesity and renal diseagk9).
RegardlessCHD and ACS has a prevalence upward$50% in HF patients (usually
classified with systolic dysfunction in most trig(20,21) demonstrating the true unmet
need forprevention and novel treatment strategies for ACS.

Worldwide, more than 23 million individigsuffer with HF, of that, 6 million
from the U.S. with a 2030 projection of 81illion (21). As with CHD, HF hasover a
million hospitalizationoccuring each year, with 650,000 new cases annually in the U.S.
(22). Despitenew treatments (pharmacological andamanical) the 5 year arddli year
survival rates are 50% and 10%, respectiv@$), costing $110,009f./person (24).

Along with CHD, hypertension and diabetes medliare major factors for the development



of HF (21). Genetic cardiomyopathiesevere valvular disease and congenital disglase

lead tothe manifestation of HE21). The stratification of HF has evolved over the last
decade with the comprehension that ~50% of HF cases consist of patteptraegiéerved

LVEF (HFpEF), opposed to those with reduced LVEF (HFrEE),2526). This
observation may also be attributed to the same shifts observed in STEMI vs. NSTEMI
caseswith improveddiagnostictesing and treatment strategieshile also observing a

shift in the patient profil¢l8). The AHF paradoxo is such that,
the treatment and management of HF to a degree wiashresulted ira decrease
mortality (but p aanhd yetrwe sbseave an inhecaéttreaSeinithee d 0 )
prevalence. As suckhere is an increase in the hospitalization and subsequent cost. The
readmissions are primarily due to acute decompensation/ episodic HF (ARDLEE627),

which is defined as the onset of severe HF or abrupt intensification of symptadmeriitc

HF. ADHF is a majorifei threatening condition, leading to one or more perceptive events,
including but not limited to: dysrhythmia, ACS, pulmonary embolism or the need for
increasednotrope(28). Furtherwork is necessary to identifypore readily, this patient
population and treateir symptoms. This will help patientakie better outcomesnd

identify the true burden of HF within society.

Pathophysiology

CHD is the damage or disease of the major blood vessels of the heart. This is primarily
caused by the development of plaques or atherosclevibkis one or muiiple coronary
vessels When the plaque ruptures, erodes, or produces a calcifisagioificantenough

to alter blood flow and subsequininhibit the proper amount of oxygen and removal of



metabolites from the heart, patieisuallysuffer fromACS (lllustration 10). Asdiscussed
earlier, ACS oMI can be classified by observed changes in the electrocardiogram (STEMI
or NSTEMI). ACS is characterized by ischemia (lack of oxygen) to areas of casdise

distal to the occlusion, leading to death bk teffectedmyocardiumvia necrosis.
Reperfusion of the effected vessel(s) has led to significant reduction in mortality following
ACS (29). Reperfusion t her apwilereducing mdartdlity,utb | e
becomeghe inherenetiology of another pathology knawas reperfusion injury. This
injury is characterized by an increased andhlyidgpcalized inflammatory response to the
necrotic area, which expands into viable tissue adjacent to the infarct, permitting infarct
expansion.The initial injury and inflammatory infiltrate create a cytokine storm promoting

a positive feedback loop wiin the inflammatory respong80). With reperfusion, there

is also subsequent increase mitochondrialtransition pore permeability, which may
promotedeathof affected cells and furer loss of myocardiung31). This promotes
adverse remodeling and progress towards HF.

HF isa syndromelefined by ventricular dysfunction or impairment that alters the
hearts ability tofill and eject sufficient blood volume w@low for proper organ perfusion.
While HFpEF may account for 50% of patients who present wit3dF we will discuss
the classical pathophysiology observed in pasievito have suffered from ACS, had
reperfusion therapy and is undergoing pathological remodeling which leads he/she to
HFrEF (lllustration 2.0) After reperfusiortherapy and sbilization over the course of
potentialy severaldecades, the heart goes through significant remodeling to compensate

for the loss omyocardium.
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lllustration 1.0 The Development and Progression of Atherosclerosis Leading to Plague
Rupture A longitudinal schematic (A) of the progressive development of plague within a coronary
vessel. The luminal diameter decreases over time (years). (B & C) A representaticsectiss

of this same vessel. (1) representing a health vessél, §Bow fatty streaks, which develop into
small lesions and then full mature plagues, (6 & 7) illustrate two ways in which ACS cari occur
[1] plague rupture or erosion and [2] substantial inhibition of blood.flow

Within the infarct core, cellular debris removed and replaced by a thick fibrous scar
which acutely promotes wall stabilizatiom viable tissue, there is increase activation of
the neruohormonal axis, which helps provide adequate contractile force for the ejection of
blood, while myocytes wergo molecular and cellular changes due to the increase in load

(33-35). Acutely, patients can usually live symptom free, but over ¢years to decadgs
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the neurohormonal axis is akel due to over activation, along with slow cardiac
remodeling(33,36). This creates dysregulation camadequate responsiveness during
period ofexertion Structural remodeling hadsooccurred, with thinning of the scar and
dilation of the left ventricle; at the cellulbavel, there is ehypertrophiaesponse in viable
tissue. This dilation is cliniciyl observed by an increase in ventricular capacitancamnd
inability to eject blood during systole leadingggo r educti on i n LVEF,
in HFrEF. Clinically, patients present with dyspnea and fatigue, ftatdntioni leading

to pulmonary and splanchnic congestion and peripheral ed@6)a While these

symptoms can be manafee hospitalization for the onset, or intensification of chronic

HF becomes more frequent and usually more intense over time. The standard of care for

ACS and HF is ever evolving with more information being colledétedch cohorts of
patientswithin clinical trialsand stides being made in biomedical research.

Standards of Care

The ACCF/AHATask Forcgguidelines state that a STENI characterized bgn
inexorable electrocardiograrBTi segment elevation with ensuing d@c biomarker
release (myoglobin, cardiac troponins [cTn], creatine kinase myocardialibdv[BK into
the circulation indicating myocardial necro$8¥). Percutaneousoronaryintervention
(PCI) is the primary therapy for patients who present with a STEMI and are brought by
emergency medal technicians (EMTS) to a Pi@bmpatible hospital. The guidelines state
that PCI should be prmed within 90© 120 min. from first medical contact (FMC)oi
device (29). Adjunctive theapies, which are employed acutely, andisutely, are

anticoagulation and antiplatelet regimer{88), statins(39). Primary and secondary

he



prevention for a c¢ onibleckewstACE mhillers, aspitin amdo n s i st
statins(26,39,40). For a subsetf the population who present with a STEMI, coronary
artery bypass graft may be the primary interventidiinis population consists of those
patients with STEMI who have coronagnatomy not well suited for PCI, and have
ongoing or recurrent ischemia, cargenic shock, sever HF and other high risk factors
(29). Patientswho have access to the pewptimely, reperfusion therapy and adhere to
the sulbacute and chronic pharmacotherapy, usually have a good prognosis. However, if
patient compliance and lifstyle changes are not made after ACS, the patient will
eventually suffer from HF.

Thereisoal 'y one treatment t hand that iscardiac whi c h
transplantatiorf41). However, with ever growing number of individuals who suffer from
HF and becomecandidatesfor transplantationon top of the already overwhelming
shortage of organs fdransplantatiorieaves the majority of patients findiradternative
methods. An alternative is to have the implantation of a left ventricular assist device
(LVAD) as a bridgéto i transplant or a destination thera@l). Prior to these to option,
pharmacological intervention is the only way to manage the HF syndrome as it progresses.
The developmentand utilizatio o f t h e r a piélockers,;AEE ishibitods, ARBs b
and (+) inotropes for hemodynamic support (during decompensation), along with advances
in ACS treatment strategies have allowed daignificant drop in mortality due to this
syndrome, however ¢hprevalence ahdividualswho suffer from HRvas acknowledged

as an emerging epidemic 20 years &f).
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Reperfusion Therapy

Acute Coronary Reduced Mortality
Syndrome/ Myocardial Hemodynamic Stahilization —
Infarction (Reactive Sympathetic Act.)

Angina Infarct Expansion

Dyspnea Myocyte Necrosis/

Nausea Uncoupling/ Apoptosis

ST-segment Inflammatory Response
Elevation Potential Arrhythmias

Early Remodeling
Scar Formation

Additional Neurohormonal
Activation

Interstitial/ Vascular Fibrosis
Pathological Hypertrophy
Energetic Abnormalities

Normal Heart

“Systolic-”
Heart Failure

“ - with reduced EF”
Ventricular Dilation

Wall Thinning

Dyspnea

Exercise Intolerance
Neurohormonal Desensitization

Designed by T.E.S. IIT - 2017

lllustratio n 2.0 The Progression of Pathological Remodeling and Development of HFrEx
clockwise progression of the development of heart failure due to myocardial infarction, starting
with the normal heart (left). Myocardial Infarction, Reperfusion Therapy, EarlyoReling and

Heart Failure (bottom). Each stage has a description (limited) of classic signs and symptoms
which are hallmark events during those time period. The rate of progression is determined on an
individual basis.
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Milestones inCardiovascular Medicine and Research

As previously describedhe turn of the nineteenth to twentieth century gave rise to
the birth of cardiology, and from its inception, cardiology has beereacé&based clinical
specialty. Work from cardiac physiologistsinthetat8 006 s t o early 1900
great understanding of the heartsd electri
This work was led by individuals lik®tto Frank (43)(Germany) ErnestStarling (44)
(London) (FrankStarling Mechanism)andCarl J.Wiggers(45) (Cleveland) (Wiggers
Curve) By the mid 20" century, cardiovascular disorders were observed more frequently
as a disturbance to the normal physiology. With that, novel treatments and clinical
strategiesver e beginning to be i mplemented in 19
(CCU) was a majomplementation by Julia®6), a medical registrar in Edinburgh. The
concept was to place clinicians and medical trained staff in a dogdéon to provide
continuous monitoring, rapid response to adverse events. This concept was well accepted
in hospitals and decreased mortalitypra t i &cuaté deédompensation with secondary
extensive myocardial dama@®. A decade later the modern era of management for AMI
was developed by th&oviet cardiologist Chazov and colleagué%?). The idea of
reperfusion therapy and the useaofantii thrombotic (streptokinase) in the effedartery
limited infarct size and mortality. Subsequent angioplasty and primary stenting was
introduced into practice for patients with AN48,49). This too, helped with mortality
from MI, and is part of the standard of care for a majority of patients who present with

ACS.
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The development of cardiopulmonary bypass, really advanced cardiac surgery,
allowing surgeon to stop the heart and repair congealiabrmalitiesand many developed
cardiac disorderg0). CABG was performdfirst by DeBakey51), in 1964, in Houston.

This allowed for the management oftipats who presented with angiveho were
refractory to medical management apdrcutaneousnterventions. This also gave
individualswith multiple vessel pathology that could not be rectified by angioplasty and
opportunity for better survival. Shortly thereafter, the first cardiac transplantation was
performed in 196752), and prolongs life for about ten years in patients with stagje

HF. Due do a donor isohlpavailablgte aselechfews opt i on

Through the midtwentieth century there was significant strides made in the
pharmaceutical space. The development of the dildbsteronda nhi bi t or s and
diureticscamea bout i n t he (b3b4).evasodilaiostheeapyrfor ADHB &had s
long acting nitrates soon followg85). Angiotensini converting enzyme (ACE) inhibitors
(56), betd blockers(57) were developed thereafter, and demonstrated improved prognosis
in patientswith HF who were administered these therapeut@sspite these milestones,

HF is stillincurable but can be wélhanaged given constant care with regular visitation
to o n ecardiologist. Basic and clinical research is unearthing nosatmenttrategies
with third and fourth generatiopharmaceuticaland more targetedherapies that cod
alter the pathological structural and functional remodeling that ooctysst Ml patients
more effectively, potential haltindpeir progression towards HF. There atsgtermining
novel ways to improve function in those evare already sufferinijom HF, to help make

what viable tissue remains, function more efficiently.

13



Novel Treatment Strategies and Therapeutics

Pharmacoloqgical

For ACS/ M, clinicians are investigating thigerapeutic efficacy of usingiready
established pharmacological ageatdifferent time points within the onset, diagnosis, and
acute treatment setting, as adjunctive thettapstandard of careThis is observed in a
recent clinical trigl METOCARDI CNIC (58) whichinvestigaest he use ofi met op
blocker, IV) in patients who present to the emergency department, with STEMI, prior to
reperfusion therapy. Compared to placebo, patient in the treatment arm showed reduced
infarct sizes and preserved ejection fraction dt& ypssdMI. Metoprolol in this study,
when given preemptively, has a caiigpootective effect. Furthermore when given at
FMC, prior to hospitalization, patients had a reduced il@rgy risk (6 moth) of
developing severe systolic dysfunction and a redueespitalization for HF(59,60).
Clinicians are also investigating therapeutics thdd additional benefi@al effects to
already used statinsefore, during and after reperfusion ther&pi).

In the basic science arena, the inflammatory respdoseto atherogenissand
unstable plague formation, along withe initial ischemic event and the subsequent
reperfusion, is drawing a lot of attention. Those studyingiptistemodeling are
recognizing the golkeh opportunity to modulate thenmune response within plaguasd
during ischemitreperfusion. With respect to artherogenesis, the Cardiovascular
Inflammation Reduction Trial (CIRT§2) is investigating the therapeutic effects of an
antii inflammatory drug used in patients with rheumatoid arthritis and subsequent severe

vascularoutcomespost ACS. Another clinical trial is investigating the inhibition of
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interleukin 1, a prd inflammatory cytokine, in a similar subset of patig®?). With both
trials ongoing, the field isagerlyawaitingfor the results.

With respect to post Ml remodeling, matrix m&tptoteases (MMPS) play a nodal
role in the regulation of inflammatiarytokinesand extracellular matrix compositi¢é4).

In a large animal model of MI, MMP inhibition, with PD166793, attenuated the severity
of LV dilation and infarct expansion late post Ml and altered regional expression of MMPs
within the myocardium(65). Manipulation of MMPs and other enzymatically active
molecules ge showing promising results in preclinical studieswever,translation into

the clinic has occurre6) but hasyieldedunderwhelmingsuccess.

With early diagnosis, and better therapeutics to attenuate symptoms of HF, the
prevalence and population who suffer acute decompensation/ episodic HF is ever growing
(28). This presents, yet another unmet clinical need, in terms of efficacious therapeutics
that do not havdongi term consequences.Classical positive inotropes work through
signaling cascades that are inevitably altered in(6/f, and can exacerbate already
deteriorating function by potential promotirfgrther cell death(68), energeticand
respirationimbalanceswithin the myocardium(69). Novel reagents that act through
alternative pathways, or can enhance sensitivity to certain substraféso@lad have a
positive impact on this population of patients. Here within, will discuss the alternative use
of ruboxistaurin (RBX), apivetredaivéregulatdrofbi t or
sustained betadrenergic stimulation in the injured heart. While first devetb for
macular edemg/0), the compound was never fully developed for clinical use in the United

States. However, clinical triatlemonstratethe safety of usig RBX in patients. Murine
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models of cardiac diseaégl,72) and large animal studi€g3,749)di scuss i tsd t hi
pot ent irefiheddaspoai i ve inotrope, t hchadsicald oes 1
adrenergic signalingascadd75). With many preclinical studies performed, we eagerly
await the approval ainearly phase clinical triautilizing RBX in ADHF patients.

Cardiac metabolism is alsdteredin patients with HK76). Therapeutic strategies
to increase energy supdly7) and/or shift the substrate utilizati¢rg) to increase cardiac
efficiency are at the forefront of novel therapeutics both in cliraca basic cardiovascular
resarch. Clinical outcomes in patients who received trimetazidmepartial fatty acid
oxidation inhibitor, improved symptoms, function and clinical outcomes in HF patients
(79). Russell et al(80) have investigated the role of peroxisome prddiferi activated
receptor g a mactvatof PP ARo O matoi o nand reversibility gfe ne s i s
cardiomyopathyn a mouse model. This field (cardiac metabolism) is ever evolving, and
with the continued basic research, novel therapeutic sasgebe idenified and hopefully
lead to the development of efficacious therapies. With that, there is always the obstacle of
targeting your therapy effectively to areaslg§regulatiorwhich will be the largest hurdle
in translatinghovel molecular therapeutits dter metabolism in the diseased heart

Electronechanical Devices

With an increased HF prevalence, a greater number of indivisdredsdevelop
more chronic or severe symptoarggrowing rapidly. Roughly 50% of gliatients who
have HF. die of sudden cardiac death due lethahyghmias or cardiac pump failufé).
Each of these events has been addressed by the collaborative work esfgbieers,

physiologist and clinicians, with the development of mechanical assist devices.
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Implantabledefibrillators (81) and pacemaker$82), for resynchronization and increased
pump function, and ventricular assist devi¢@3), as a bridge to transplant have been
utilized for seveal decades. LVADs have rapidly developed into smaller, more efficient
implantabledevices that can now be used as a destination thé84;8p). The mpella®

is an LVAD that can be placed percutaneously and provide effect pump function for those
who are notsuitable for transplantation, with respects td morbidities (obesity, age,
etc.)86). This assist devigeshows efficacy during resuscitati(8v) and unloading of the

heart during high risk PGBS).

Gene& StemCell Therapies

Gene therapy is the transfer of specific genetic infapnainto the host for
therapeutic purposes. This strategy was employed inltBe8 Qvibhsconsiderable
excitement89). While animas studies were promising, initial clinical applications were
halted upon the death a patients enrolled in clinical t(Rls With this early turn of
events, gene therapy went backthe bench, were greater expectation was placed on
understanding theechanisr{s) and more diligent probdfi concept work was performed.

In spite of these set back, gene therapy has made a full recovery and is used clinically in
Europe for monogenic disdersand lipoprotein lipase defec{91). While HF is not
monogenic by any means, genetic modifications are well established as contributors of, or
the consequences,gathology and are artteactive therapeutics targetRecombinant
adendassociatedviruses have shown great promise, having characteristics of low
immunogenicity and prolonged cardiac expres$@#). The most interesting challenge is

to determine the therapeutic targetGenetic alterations are wide spread with
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cardiovascular pathology, not surprisingly, altered*@agulation and cycling; along with
betd adrenergic receptor downregulation andfesensitization are major targets.
SERCA 2ais reduced in HF leading to reduce myocardial contractility. Gamsfér was
foundto be efficacious in muringig and isolated cardiomggtes from HFrEF patients
(93). Whilephasd and Il clinical trials haghbositive outcomeg4,95), phasdlb trail was
found to be neutrgb6). Other investigators have looked afCeycling proteins, S100A1
(97) and the beteadrenergic receptor kinase carboxyl terminal (BARKct) pe®8gin
t he hopes oéadrenemip responsivergess fn the viable myocardium of HF
patients. With major advances itechnologicablgorithmst hiemi® sci ences wi |
rise to novel therapeutic targets that may be well suited for gene therapynear future.

A promising therapeutjavhich has evolvé rapidly since the turn of the century,
has been stem cell thera(80). Adult sem cells are sulpopulations of cells, found in
multicellular organisms thatarrythreedistinct features from other cellg] they have the
potential to be sélfenewing (giving rise to more stem cellg)] clonogenic(the same
exact cellsland [3]aremultipotent ¢an differentiate into multiple other cell typesAn
impressive number of adult stem cells have been used in basic and clinical research in the
past 15 years. Skeletal myoblast, unfractionated bone marrow mononuclear cells,
mesenchymal ste cells and cardiac derived stem cells have all been used in clinical trials
to date(100-103. Stem cells are thougto have multiple therapeutic mechansasa
clinical intervention for both Ml an#iF; theinitial hypothesis was to implant stem cells
for the sole purpose of trying to regenerate lost tissigean ischemic everdr over due

to adverse remodeling over time, leading to. HFreliminary work,demonstrated the
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ability of specific cell types to incorporate into the host myocardium after being
transplanted104). However, thishas given way, over the last several years, to the
paracrine hypothesis; which states, that stem cells exert their therapeutictaffaogh

the secretion of factors which promote survival, influence the immune response, promote
revascularizationof injured tissue, recruitment of endogenous stem cells, and promote
proliferation of endogenous cell typ€R)5). Basicresearches in both murine and large
animal models of cardiovascular disease Heaak overwhelmingly positive resul{$06),

yet, in contrast, lmical trials to date, havgieldedmore modest finding6l07). Several

factor must be taken into account when translating stem cell therapy to the tlie@mch

basic research model does not take into account the full scope of disease burdén and co
morbidities associated with disease in hum@2isthe variation in magnitudef disease
burdenin humans is much greater than that observed in outrated research
environment, [3]research and clinical enpoints vary widely, with no realniformity
between discipline€l08). Basic research in the field of cardiac regeneration and the use
of stem cell therapy as a novel intervention must continue in ordettéo bederstand the
mechanismsby which each cell type is beneficiah an attemptto harness those

characteristics to yield the most effective therapeutic intéimepossible
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CHAPTER 2
STEM CELL THERAPY FO R THE HEART

History

Currently, one of the most impressive aspects of stem cell therapy for the heart is
the wide variety of cell types that could be considered as potential candidates through
preclinical (Table 1.) and clinical research (Table 2.). This reflects the true unmet need for
a therapeutic avenue to be developed in order to treat and prevent tresgiogeand
manifestation of heart failure in patients who suffer cardiac injuries, like myocardial
infarction. Here, we discuss endogenous cardiac regeneration and some of the more
popular cell types that are being looked at as potential candidated ftiased therapy.

Cardiac Regeneration

The heart has a limited capacity for repair itself after in{a39) and is the basis
for cardiac dysfunction after ischemic insihy the heartas such a limited ability to
repair itself and how cell therapy might enhance repair is an important topic in need of
further study. Most questions about cardiac regeneration are still not resolved.
Interestingly, fish and other less developed specieg lam ability to regenerate lost
portions of their hearts, primarily via proliferation of surviving myocytes that reenter the
cell cycle(110111) post insult. This characteristic is also present in the fetal and early
neonatal mammalian hedftl?), but is generally absent in adult mammalian human heart
tissue. Regardless of the robustness of endogenous cardiac repdgait that the adult

human heart cannot repair itself after multiple forms of injury and this leads to heart failure.
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Adult cardiac myocytes are largely withdrawn from the cell cydleerefore the
loss of myocytes with disease requires new myocyte fitomao prevent cardiac
functional decline. New myocytes could be derived from endogenous myocytes that
reenter the cell cycl€l13-115) or from a stem cell popuian with cardiogenic capacity
(104116-119. Some laboratories have demonstrated there is a smallf tateaver in
myocytes in the adult hegt20-122) but not at a sufficient rate to repair the heart back to
basal functional levels post injury. Other than @rdransplantation, there is no therapy
which ultimately addresses tBgucturalabnormalitiesand cardiac dysfunction caused by
myocardial injury. The fundamental principle that the human heart does not have an
adequate endogenous repair mechanismdthso the discovery of isolating adult stem
cells for use as a therapeutic for treating and preventing heart failure which has exploded
in the scientific research community and has given a new sense of hope to the idéa of cell
mediated repair of the heart
Stem Cell Populations for Cardiac Regeneratiofi Basic and Clinical Research

Bone Marrow derived Stem Cells

The bone marrow is a diverse tissue that houses many cell types, including a variety
of stem cellg123-127). Due to the ease of acquisition, with already approved clinical
methods and their relatively high abundance, bone madenwved stem cells have been
and continue to be investigated as a possblece of cells that can be applied towards
cardiac regeneration. This cell source is one of the most widely examined ¢hrycal
experimentation and clinical trials to date. Here, we outline the major populations and their

potential as cell therapy
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Table 1. Overview of Animal Studies with Stem Cell Therapy

Etiology of
Dysfunction
Bone marrow mononuclear cell{BMMNCs)

Study Host

Route of
Administration

Outcomes

y LV fun

Orlicetal’®® Mice Ligation of LAD IM Transdifferentiation
gy LV funct
Mathieu et alt®> Dog  Ligation of LAD IM Z Brain N
Neovascularization
Bel et al*®®  Sheep Ligation of CX IM No o LVE

Z Scar

Waksman et aIF  Pig  Permanent Occlusic IM Transdifferentiation

Angiogenesis

Bone marrow-derived hematopoietic stem celldHSCs)
Balsam et at*> Mice Ligation of LAD IM

No transdifferentiatiol

Kajstura et af*®> Mice  Ligation of LAD IM

y LV funct
Transdifferentiation

Mesenchymal stem cell§MSCs)
Hatzistergos

gy LV funct

et a|°8 Pig I/IR IM Transdifferentiation
Homing of endogenot
L y LV fun
ietal® R L LAD IM y
Cai et al. at igation > Remode
y LV funct
Quevedo et d°*  Pig IIR IM Transdifferentiation
Angiogenesis
. . y LV funct
Schuleri et at®®  Pig I/R IM y

Angiogenesis

Cardiac Stem Cells (CSCs)

Linke etal!” Dog  Occlusion of LAD IM

y LV fun
Transdifferentiation
Angiogenesis

Beltrami et aft’® Rat  Ligation of LAD IM

y LV fun
Z Remode
Transdifferentiation

Fischer et al’® Mice Ligation of LAD IM

y LV fun

Z Scar

Transdifferentiation
Angiogenesis

Li et al’® Mice I/R IC

y LV Fun
Z Remode
Transdifferentiation

§ indicates increase; Z indicates decrease,;

left anterior descending coronary artery; I/R, ischemia-reperfusion; LV, left ventricle; IM,

intramyocardial; IC, intracoronary
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Unfractionated Bone Marrow Mononuclear Cells (BMMNCS)

BMMNCs are a heterogeneous mixture of multiple cell types (hematopoietic stem
cells [HSCs], mesenchymal stem cells [MSCs], endothelial progenitors, and other more
committed cell populationj123128130. Through a density gradient centrifugation,
BMMNCs are isolated easily from whole bone marfeaction. With the easy of isolation
and low maintenance in vitro, these cells have been utilized as a source of cell therapy in
many animal models. In the acute MI setting, BMMNCs have shown much promise
(132,132. In contrast under chronic conditions of heart failure, the jury is still out;
conflicting results in large animal mod¢ls32-134) and smaller scale preliminary clinical
trials (101,135136) still leave many questions as to the true mechanism(s) of action and
the efficacy of this cell population. In a pig34) model of heart failure, transplantation
of BMMNCs provided no therapeutic benefit in terms of left ventricular (LV) function,
but the study described an increase in angiogenesis and reduced inéardnhsanother
large animal study post infar¢t32), BMMNC therapy showed an improvement in LV
function, and reducegroi brainnatriuretic peptides (BNP) lelgein the plasma, will also
sparking angiogenesis.

In the clinical arena, the results have been similar to the observations in the basic
research community. The first clinical evaluation of BMMNCs as a therapeutic was
performed by Perin et 4101); 21 patients were enrolled (14 ¢eteated and 7 control).
Functional improvements were observediat thonths; in patients receiving cell therapy
there was a 9% inease in LVEF as compared to baseline and a reduction in the end

systolic volumg(101). Subsequent other trials confirmed these observations of improved
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cardiac function with intramyocardial injection of BMMNQ435). In contrast, when cell
were injected directly in the core of the damage region in 20 patients all bainefiects

were negated, there was no significant difference in LVEF or wall thickness b{1lg/R.

These vastly different outcomes have many factors whiah oe playing a role in the
results obtained, particularly the location of the injected cells. The microenvironment plays
a pivotal role in the efficacy and any potential benefit cell therapy may have, as observed
in these contrasting clinical trials (om&h injection into the border zone of the infarct and
the other into the core). Istudies,which investigated the role of BMMNC therapy for
nori ischemiccardiomyopathies there were promising res(l38. BMMNCs therapy
increase the regional LV function and improved microvascular function in Transplantation
of Progenitor Cells and Recovery of Left Ventricular Function In Patients With Non
ischemic Diative Cardiomyopathy (TOPCARIPCM), which enrolled 33 patients to
receive intracoronary administration of BMMN(s38).

Studies of BMMNCs as a viabt#ption for cell therapy have yielded inconsistent
results both at the bench and in small scaled clinical trials; this is largely due to the
heterogeneity of the cell population and the yield of actual progenitors from each isolation.
Lar ger s mustlberuntinrorder kridysuinderstand what effect(s) this cell type may
be having as an option for cardiac regenerative therapy.

Hematopoietic Stem Cells (HSCs)

Hematopoietic stem cells reside within the bone marrow and commit to two
differentcell lineages, myeloid and lymphoid. The major cell surface marker which is used

to distinguish this subpopulation of cells from other progenitors which reside is in the bone
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marrow is cluster differentiation 34 (CD3#39141); a transmembrane cell adhesion
protein that has implicated in the literature to denote stem cells which has a hematopoietic
or vascular lineage. HSCs are mobilized from the bone mantothe peripheral blood
during ischemic events to begin the process which leads to revascularig2®n
Researchers and clinicians felt that by isolatimg population of cells and reintroducing
them in more concentrated numbers would promote greater revascularization than
observed by endogenous mechanisms post cardiac (a4 42143).

Numerous clinical trials have been performed evaluating CD34+ cells in patients
with both ischemiq144) and nori ischemic(125127) cardiomyopathy. Vrtovec et al
(127), looked to understand the beneficial effects of this cell population agarist
ischemiccardiomyopathy by delivering the cells intracoronary to 55 of the 110 patients
enrolled; this led to a ~5% increase in LVEF, improvement in tinarGute walk test and
decreasegroi brainnatriuretic peptide plasma levels. Aygar follow up study was able
to demonstrate that the transplantation of these cells had an effect ogéaiaexl period
much longer than most trigl$25. The true mechanism by which this population of cells
is having an effect is still not understood, but thegonconsensus amongst those in the
field would be an increase in perfusion via revascularization. Preliminary clinical work
with CD34+ hematopoietic cells is promising for both ischemic aod ischemic
cardiomyopathy, as with most of the cell types assed here, a major limitation is the
small sample sizes in these trials and lack of understanding as to the mechanism of action,

which is due to an inability to apply standard methods utilized in basic research, towards
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human patients (i.e. immunohistoahistry, fluorescent microscopy and molecular
analysis) post cell therapy delivery.

An important issue concerning this cell population is the fact that only autologous
transplantations have been performed. For HF patients who has been enrolled in such
clinical trials to date, this resident population of cells can be easily harvested and utilized
for cell based therapy, however, in the context of Ml and cell delivery immediately post
reperfusion, an fAoff the s helrpgopulatoesiwithint her a
the bone marrow do exist and do not have to be autologous in nature for transplantation.

Mesenchymal Stem Cells (MSCs)

Bond marrow derived mesenchymal stem cells (MSCs) are spsploilation of
cells characterized by their adherence culture (145. They also have begun to
characterize a host of cell surface nearwhich identifies this population within isolated
bone marrow. The majority of MSCs express CD29, CD73, CD90 and CD105 while being
negative for hematopoietic lineage markers CD34 and C45146). Others have
demonstrated subpopulations within the mesenchymal stem cells which express these
markers and a plethora of othgi$47,148. The multipotentiality of these cells to
differentiate into osteoblast, chondrocytes, adipocyitesvitro (149152 is well
documented and cardiomyocytas vivo (153-155), which is still controversial(156).
Paracrine signaling is one of the major mechanisms thought to elicit improvement by MSC
therapy(157,158) in the heart. This is due to release of numerous gio¢ithd), anti
apoptoti¢ (105159, and/or angiogenic (160161) factors helping protect the

myocardium and augment some of the adverse remodeling. Furthermore, MSC
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demonstrate a capacity to engraft in a large animal model GI®21164) and have shown

an ability to evade immune rejectigh65168). In ree@nt studies, results indicate MSC
contributed directly to inhibition of inflammatory respon$&89,170) which may be the
mechanism behind the observed reduction in scar size in both animal models and clinical
trials (163171,172). While there is still skepticism, this characteristic could allow MSCs

to be used as an allogeneic source of cells, overcoming the need for isolation and expansion
of autologous cekources.

With many clinical trials looking to understand the beneficial effect of numerous
different cell types in patient suffering from cardiac related dysfunction, MSCs in recent
years has become more popular for translational applications in paieftd72). Hare
et al(171), i nvestigated MSCO6s and their effect|(
clinical trial Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis
(POSEI DON) . This trial l ook to seesinif the
patients who were suffering from ischemic cardiomyopathy (ICM). The data
demonstrated, at all three doses, that MSC administration was favorable when measuring
end points of quality of life, functional capacity and ventricular remodel{h@l).

Krantalis et al172), in the Prospective Randomized Study of Mesenchysterh Cells

Therapy in Patients Undergoing Cardiac Surgery (PROMETHEUS) trial, investigated the
injection of MSCO6s in six patients receiuvi
Those regions of the myocardium which received cell therapy demens#ratecrease in

scar mass compared with baselinel&month followiup (172. An overwhelming

number of clinical trial sbs hahernapy Oexclrws
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part of their treatment strate@99). At this point, MSCb6s ar e
for clinical applicatims and widely investigated for the utility of cardiac regeneration in
the clinical setting.

Cardiaé derived Stem Cells

Cardiaé derived stem cells (CDCs) have also been in the spot light of animal
investigations and recently, clinical trigls03173-178). The discovery that the heart is in
fact an organ which has the ability to have cellular turnoveremeival (both of myocytes
and nofmyocytes) refutes the long withstanding dogma that the heart is iarkosic
organ. This renewal is thought to be derived from a population of stem cells which reside
as niches within the myocardiu(h73. New methodology has been developed over the
last decade to isola{@ 78 andcharacterize these cells vitro (174178 and investigate
their therapeutic potential. The isolatioh@SCs has given hope that these cells will be
predisposed to an increased probability of neomyogenesis as compared to other cell types
discussed previously.

Ckit (+) / Hematopoietic lineagea Y CSCs

This cell population was first described in 2003 by Bt et al, cells were isolated
from arodent hea(i78. The manuscript describes a cell population isolated from cardiac
tissue that expressed a tyrosineadse receptorickit, now a known marker of stemness
(1798. This popul ation not only fiitenewwilge cl| as
clonogenicand multipotent) but also differentiated into cardiomyocytes, smooth muscle
cells and endothelial cells in vitro and in vi{@/3174178. Human cardiacikit+ cells

were isolated some four years lafgé74). Since then, injection of isolated kit+ CSCs
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and studying the beneficial effects has been overwhelming; multiple laboratories and basic
research studies have demonstrated that post injection an alleviation of LV dysfunction and
adverse remodeling, while shong the elicit response of regeneration due to injection
(116176179. With such positive outcomes in rodent mod1&6,179,180), this cell type

was soon moved to a preclinical large animal model. Bolli €&l), investigate the role

on intracoronary infusion of CSCs 3nths postMI and found a significant difference in

LVEF as compared to vehicle treated animals, while demonstrating increased wall
thickness and beneficial changes in the maximal developed pressure, as well as, a lower
diastolic pressure. With that, thvgrk in the large animal model laid the ground work for

a human clinical trial investigating the e
Cell Infusion in Patients with CardiOmypathy (SCIPIO) clinical trial update discussed the
infusion into tke coronary circulation, 1 millioni&it+/ lineageir CSCo6s i nto 16 p
with LV dysfunction(103). The authors concluded that these cells produced better LV
systolic function through reduction of scare size in patients with MI, and further clinical

trials should be performed03. With promising results in the phakérial, CSCs are

bidding to become the superior choice in choosing a cell type for cardiac cell therapy.

Cardiospheréderived Stem Cells

Cardiosmerei derived cells are a heterogenous population of cells derived from
cardiac tissue with a specificoisition and expansion protoc@82. The exhibit the
capacity to be multiineage (183 and work primarily through indirect mechanism(s)
(paracrine effectq)L84). This cell based therapy works in a similar fashion to MSCs. The

initial limitation was the use of autologous transplantati@®); now, allogenic
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Table 2. Overview of Clinical Trials with Stem Cell Therapy

Study # of Patients R-t)u-te 0f. Prim al:y Outcomes
Administration End-point
Bone marrow mononuclear cells (BMMNCs)
Cell=14 T LV function
Perin et al.1°! Control=7 IM Echocardiography | Remodeling
INYHA Class
Cell=11 NoALV
Perin et al.»>? Control=9 IM Echocardiography 1t Exercise
1 Perfusion
n 136 Cell=14 IM Dobutamine Stress 1 LV function
Galifianes et al. No Control  (during CABG) Echocardiography 1 Wall Motion
Cell=10 IM NoALV
Hendrikx et al.?’ Control=10  (during CABG) MRI | Remodeling
|} NYHA Class
Fischer-Rasokat Cell=33 MRI T LV function
et al.*® No Control IC LV Angiography 1 Wall Motion
(TOPCARE-DCM)
Bone marrow-derived hematopoietic stem cells (HSCs)
Vrtovec et al.1# C((J:;tlrlc:122827 IC Echocardiography 1LV function
Vrtovec et al.!?’ C((;.:;tlrlglszss 5 IC Echocardiography 1LV function
Patel et al.'** C%;IZOI 0 ( durins% ABG) Echocardiography 1LV function
Mesenchymal stem cells (MSCs)
Hare etal.!”! Cell=31 Computed NoALV
(POSEIDON) No Control IM JLVEDV
Tomography .
1 Physical
_ Cell=6 M 1 LV function,
Karantalis et al."™ No Control  (during CABG) MRI | Scar
Cardiac Stem Cells (CSCs)
Bolli et al.'* Cell=16 c Echocardiography 1 LV function,
(SCIPIO) Control=7 MRI JScar
Makkar et al.!”’ Cell=17 Ic MRI NoALV
(CADUCEUS) Control=8 JScar

T indicates increase; | indicates decrease; No A, no change; Cell, Cell treated patients; CABG, coronary
artery bypass graft surgery; LVEDV, left ventricular end-diastolic volume; NYHA, New York Heart Failure
Association; LV, left ventricle; IM, intramyocardial; IC, intracoronary
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cardiosplerd derived cells have been used in rod@@5), swine(186) models of CVD

and are currently in clinical tria{187) (http://clinicaltrials.gov/show/NCT01458405).

While this cardiac déved cell based therapy has shown promise, truly understanding is
therapeutic potential will come from better designed preclinical translational experiments,
and clinical trials. The other | iifmaga@ti on
which could both be agntageous and deleterious.

Cortical Bone Stem Cells

While most have either look at the blood, bone marrow or cardiac tissue for adult
stem cell populations, we have taken a novel approach. We began to investigate the
therapatic potential of a population of cells derived from the cortical bone, ndmed
cortical bone stem cells (CBSCs). These cells are isolated from mechanical and enzymatic
digestion of the bone. The initial population is intrinsically heterogenous, ovemten
begin to yield a highly proliferative, spindkghaped cell population, which fulfill the
definition 0o(88.aWd mteeshowno eitro| that our cells possess
characteristics which make them superior for therapeutic use in the heart as compared to
cardiag derived cells and MSC4.88), which have both been tested in phase | and early
phase Il clinical trials. In a murine Ml model, we demonstrate the these cells increase
survival, reduce scar size and pathological remodeNhge promoting angiogenesis and
some regeeration of the myocardiunl89. The work discussed within, looks at the
trandational application of this cell type as a novel allogenic cell therapy in a preclinical

| arge ani mal model . Whil e each cell i's un
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that may lend to it being a viable cell therapeutic, other factorsestebhniqueand time
of delivery are as important lmarnessingell therapy to its greatest potential.
Stem Cells Delivery Techniques

Delivery method is as important as the cell type chosen for cell therapy after Ml or
for HF patients. Intravenaguintracoronary and intramyocardial are the three major routes
of delivery cell therapeutics to the heat. Each technique has been used in preclinical large
animal models (164190192 and in early phase | and Il clinical trials
(102103157,171,193. Here, | discuss the advantages and disadvantages of these thr
delivery techniques.
Intravenous
Intravenous (V) administration of stem cell would be the most rapid and minimally
invasive technique for delivery. This allows for potentially immediate delivery of cells
upon diagnosing cardiac injury and could befgened in more remote settings, and at
significantly lower cost; however, localization of the cells to the heart becomes a major
concern. Most cells after IV deliver are found in the liver, lungs or sl Clinically
relevant cell types (MSCs) have been infused IV bgft®8). With that, there are several
alternative techniques that can be implated in parallel with other routinely performed
interventions.
Intracoronary
Patients who present with ACS and fit the criteria for reperfusion therapy have a
percutaneous catheter intervention (PCI). This cafiimsed intervention uses a

minimally invasive technique to access the effected coronary vasculature and reperfusion
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the occluded vessel. This allows for direct access to the ischemic region of the heart and a
prime delivery technique to better localize cell administration. Investigatorshed®
implemented thigechniquealso suggest that the endogenous vasculature permits a more
homogenous local distribution of the cells being deliveetd). With that, numerous
preclinical studies and clinical trials have been performed using intracoronary delivery
(160177,179181,195197). Despite safety and relatively modest efficacy, cell which do

not extravasatewill inevitably be flushed out of the heart. The solution for this concern is

to perform intramyocardiahjection

Intramyocardial

Intramyocardial injection is the most assured way to deliver stem cell therapy to
the heart; either through cathétessed transendocardial injection, or through open chest
epicardial delivery. Each technique has been used in preclinical studies or clinical trials
that recajtulate opportunities when clinicians could apply this technique (either during
PCl or cardiac sgery(101,121,134163198). Transepicardial injection anly performed
in patients undergoing op@hest cardiasurgery(199. This allows for a direct sightline
to the region of interest and verification that the stem cells were delivered accurately.

For transendocardial injection, again, during the PCI, the clinician has a window of
opportunity to localie celi based therapy directly into the heart. This can be done with a
catheterbased injection system, NOGA ® (JohnsoddnsonBiosense Webster), which
is the primary delivery system for clinical applicat(@35200). This electrophysiological
based system, gives the user diBiensional rendering of the LV chamber that can be used

as a guide for the dekry of the cells with the NOGA MYOSTAR ® injection catheter.
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With direct endocardial inject you can confirm localization of therapeutic to the region of
interest and get relatively goodistribution (201). This technique, aside from
intracoronary, is the most utilized delivery metl{@61,198202-204). | believe that this
delivery technique (intramyocardial [transendddial]) is the most efficacious way to
deliver biological therapeutics.
Mechanism(s) of Action

With the plethora of basic science and clinical research performed on isolating and
characterizing a number of adult stem cells to be utilized for cardigdbesdpy in the past
two decades, we as a field still do not know which cell type, and/or combination of cells
will be most beneficial. The work has yielded some rewards despite most questions still
not having answers; we now understand that multipled@shave population of stem cells
that have the capacity to be beneficial towards heart function post injury and inhibit adverse
remodeling, while improving quality of life in patients suffering from many different
cardiac disease stat€d03105121,127,131,140160,162163171,181,205206). Despite
not fully understanding the mechanism of action, the field has a general consensus on ways
in which stem cell therapy is working to improve cardiac functitbusfration3.0) animal
studies have shown beneficial effects of stem cell therapyugh paracrine factor
secretiorn(105157,158), transdifferentiation into multiple cell types which help to improve
cardiac function(207,208) and throughhoming of endogenous stem cells to the site of
injury (126158). The cell types discussed abowebt all work with the same mechanism
of action; it has been demonstrated that MSCs most likely work through paracrine factor

production and secretidi123163209-212), while BMMNCs and CSCs have the ability
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to form new blood vessels for better perfusion
(101,124126130136142143147154173176178179197213) and create new
myocyte from transplanted cel(d03104116175179181,214216). Below are the
major mechanisms and how they may be beneficial towards inhibition or repair of cardiac
damage.

Transdifferentiation

Myogenesis

The logical explanation for using stem cell therapy to repair the heart is the idbecin
transplanted cells will form new myocardium replacing lost or damage tissue. As obvious
as this may seem, data acquired thus far in the field of cardiac regeneration would suggest
that little transdifferentiation is actually occurring, and that thiprobably the least likely
mechanism of action for the observed improvements post therapy. Much of the debate still
goes on as to the amount or proportion of beneficial effects that should be attributed
towards transdifferentiation. Still highly coaversial is the notion that cell populations
derived from the bone marrow (HSCO6s, MS Co
myocytes; numerous laboratories have evidence supporting such ridfie247), while

others contest these conclusio(i42218). Alternatively, some suggest that the
mechanism of action is fusion of the injected cells with endogenous surviving myocytes
(219220). Discussed in more detail below, most would agree that the major mechanism
of action may be paracrine factor production and secr€ti@§159. While in the acute

MI disease model, there is strong evidence for transdifferentiélicdl 78221-223); in

the postMI HF large animal model the data would suggest that the amount of
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transdifferentiation observed is insufficient to explain the significarease in cardiac
function post injury and after therapeutic interventf{@81). In recent years, the debate
has turned more towards understanding the prigpodf new myocyte formation in the
different cell types (discussed above) and how the quantification of this transdifferentiation
is proportionate or disproportionate to the improved cardiac function.

Neovascularization

The creation of new blood vessale novo may be of great benefit to patients who
suffer from chronic or persistent coronary occlusion which develops into ischemic
cardiomyopathy.Several stem cell populatisinave shown to differentiate aridrm new
vasculature(104,181). The general consensus, is that of the two (myogenesis and
neovascularization) the latter is more probably upon tranggion of a variety of cell
based therapie$224225. Researchers are investigating the mechanisiétind
transdifferentiationto promote this action and to see if it could occur with a higher
probability, thereby making stem cell therapy more efficacious. What may be the most
important mechanism or alternative action, which has allowed for the mosttpenefi
paracrine factor production/secretion and signaling.

Paracrine Hypothesis

In reality, the inability (up to now) to solidify the mechanism of action by which
stem cells act on the heart has led to great emphasis on the paracrine hyfidthesiis
concept hypothesizes that transplanted cells modulate the myocardial milieu in the injury
site by secreting factdhat signal to the surrounding cells and tissue(s). Paracrine signal

may in fact promote a multitude of reparative and regenerative processes, like: promoting
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cell survival, the inhibition of cell apoptosis, promotion a new blood vessel formation,
favoreable changes to the extracellular matrix (ECM), modulation of the inflammatory
response which occurs upon injury and activation/homing of endogenous stem cell
populations to the site of injury. This signaling can also play a key role in the ability for
transplanted stem cells to thrive in a harsh environment by autocrine signaling and positive
feedback loops. In concert, these actions promote better LV function and slower
progression of remodeling and development of heart failure.

Cell Survival and Inhiliion of Apoptosis

Numerous basic research studies have suggested the production and secretion of
paracrine factors (like, insulin like growth fadtar[IGF1) and secreted frizzlécklated
proteiri 2 [SFRP2]) inhibit cardiomyocyte apopto§l$9226). Another parameter which
may assist in the praurvival hypothesis is the modulataffectof the stem cellsowvards
the immune respons@59170227). In augmenng the immune response one could
postulate less activation of the positive feedback loop within the innate and adaptive
immune responses to cardiac injury. This in turn, would limit cell death and deposition of
ECM proteins, which could potential presemhe myocardium and LV function.

Angiogenesis

In a recent study of a rodent model of MI, Duran €1898) was able to demonstrate
the production of specific paracrine factors by stem cells which promote angiogenesis and
incorporation of stem cells into newly formed vasculaturevivo. Multiple cell
populations have been described as producing angiogetoc $ach as: fibroblast growth

factoii 2 & 77 (FGF)(106), platelet derived growth factor (PDGHR28) and vascular

38



endothelial growth factor (VEGKL05106). Angiogeanesis remains a main stay in terms

of being one of the key components to idedlsedtherapeutics Individuals,who suffer

from ACS,usuallyhave progressive CAD in one or more coronary vessels. Development
of collateral circulation surpassing the areB€AD could be a major advantage and limit
the cases or recurrence of ACS.

Extracellular Matrix Remodeling

Under the paracrine hypothesis, stem cells have been ascribed the ability to
augment deleterious alterations in the ECM8231). Post stem cell therapy has shown
in rodent models of MI to reduce scar size, reduce fibrosis and subsequently inhibition of
LV remodeling(106123196211,231-233). In preclinical large animal models of ACS
and HF similar findings have been obser(®84,192203). Stem cell therapy may secrete
or induce the inhibition of enzymatic activity of ECM remodeling cell types and proteins
post MI(234,235. While initial scar formation is necessary to protectiticeemiczone
from rupture, and to promote wall stabilize, this scar expansion @panfusion may be
deleterious under chronic conditions. Stem cell therapy may be able to augment this scar
expansion thereby protecting viable tissue that otherwise may be lost. Diffuse fibrosis
throughout the viable tissue is directly related to disbasgen(236), and could potential
be offset by ceilbased therapeutics which modulate acute change, subsequently altering
chronic effects.

Homing of Endogenous Progenitor Cells

With a wide variety of paracrine factors being produced by stem cells, specific

factors have been implicated in mobilizing and homing endogenous stem cells pools to the
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site of injury or sites of transplantation of exogenous ¢288196). Such factor include:

stem celiderived factor (SDH)228), hepatocyte growth factor (HGF) and 1@EP5159).

These factor dtectively permit endogenous stem cell homing, proliferation and
differentiation into myocardial cell types (myocytes and vascular cells), concurrently with
some of the other beneficial effects observed with such factors as IGF (which has
demonstrated toebpra survival (159)).

Autocrine Signaling

While the paracrinesignaling, hypothesis discusses the therapeutic nature of
growth factor signaling on endogenotissue(s), the hypothesis has also given rise to
scientific investigation of this signaling on the cells which produces them. Many
laboratories have demonstrated that autocrine signaling of growth factors and factors of
stemness are necessary forigelfewal, maintenance, survival and growth. F@B7-

239 has been shown to drive gelnewal, inhibit cellularsenescencend inhibit
apoptosis. While others hademonstrated that SDF plays a critical role in survival and
maintenance of the stem cell(@40. This paracrine/autocrine signaling may help
enhance the other effects thaansplanted cells may have on endogenous tissue by
allowing the transplanted cells to be retained and produce more of these factors, while also
enhancing the possibility of trairdifferentiation, due to longer retention.

While these major mechanisms aftion are being vetted in animal models, one
thing has become certain; the therapeutic benefit of stem cells is not exclusively made up
of a single mechanism but more likely midéctorial and in different proportions

depending on the stem cell popubatichosen for therapeutic intervention.
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Immune Response Modulation

Most recently the field has moved towards trying to understand how stem cell
therapy modulates the initial (innate) immune response that occurs upon reperfusion injury
(241 and the subsequent chronic (adaptive) immune response which provides the basis for
many of the major structural remodeling events observed post MIl. The innate immune
response is conserved among mammalian species amatemit quick response to
pathogens or myocardial injury like myocyte death, whereas the adaptive immune response
recognizes antigens and produces antibodies. The activation and regulétiesetio
responsewithin the heart is dependent on the upragah or downregulation of praand
antii inflammatory cytokines. Theénnate immune response is activated post MI for
maintaining homeostasis within the organ, howesgsregulationor over activation
promotes pathological remodeling which leads to B#2). The spatial and temporal
reguldion of this response within the heart is not well understood, but basic research
suggests that stem cell therapy may play a beneficial role in augmenting or inhibiting this
response. Paracrine factors secreted by transplanted stem cells may modulate the
recruitment, activation, proliferation and kinetics of the post Ml immune responses. MSCs
have been reported teducethe production of piianflammatorycytokines (TNFU, | L 1 b,
IL6) (243. Further evidence, suggested that MSCs reduce LV remodeling through a
reduction in the number of CD6&flammatory cell{244). When discussing aadaptive
or chronic immune response modulation, stem cells reduced the proliferation of T
lymphocytesn vitro (245) , suggesting a role ofesn cell therapy for the sustained chronic

immune response observe in HF patients. Suppression of this subset of cells may also limit
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the amount of focal and diffuse fibrosis observed after Ml and in HF patiBntsund
modulation is a reasonable and m@idle paracrine factobased mechanism for the
observd beneficial effects of stem cell therapy in the heart.

Discussion

Over the past two decades, many stem cell types have been explopadeasal
therapeutics for individuals who suffer an Mihich leads to progressive remodeling and
subsequently HF. Despite the number of ggesand the development of stem cells as a
therapy in early phase | and Il clinical trials, there are many questions which remain
unanswered. Further studies are ssaey to understand the optimal time(s) and route of
delivery, and the stem cell type(s) which will be most efficacious for a variety of diseases,
and syndromes i.e. CAD, IHD, HF, Noriischemic i, dilated, hypertrophié
cardiomyopathiesetc.). For ceria, the energy and enthusiasm of those who perform this
research, will inevitably lead to profound changes in the way stem cells are understood as

a therapeutic.
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CHAPTER 3
SWINE MODELS OF CARD IOVASCULAR DISEASE

Introduction

Cardiovascular relatedliseases are a major health concern nationally and
internationally. Due to the prevalence and increased proportion of the population that are
projected to suffer from some cardiovascialated disease, this topic is of importance to
biomedical researchWhile small animal models allow for exploration in novel targets,
mechanism and signaling, large animal models permit the assessment of the safety and
efficacy of novel therapeutics and treatment strategies in a cardiovascular system which
mimics the aatomy and physiology of humai(®46). Additionally, these large angh
models allow for redkime training scenarios for those looking to refine their clinical skill
set. There are many large animal models, including but not limited to: réhbijsfeline
(116), dog (233)and swine(162). Each presents a unique set of qualities that create
advantages and limitations when developing and executing the model. Wiits i
feline, it is hard to use clinically relevant tools because these models are smaller in size. In
contrast, farm pigs grow to a size that makes them too large to perform some clinical
applicable functional assessments (i.e. MR#6). Understanding the biomedical research
guestion that is trying to answered playkey role in choosing the proper animal model.
Here, | discuss the pros and cons of performing cardiovasoelted biomedical research
and training in swine models which allow for clinically relevant translation of novel

therapies, devices and tectines.
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Swine models of cardiovascular disease are an important tool in biomedical
research. Swine are very similar to humans, with respect to cardiovascular anatomy,
coronary artery distribution, cardiac metabolism and ventricular function, and
compensatiy mechanismsat combat cardiovascular insul(246). There are seval
breeds which are available to researchers, again, depending on the question and type of
research being proposed. The domestic faigns usually suited for shdrterm studies,
due to high availability, low cost and their substantial growth rateegsathe. While mirii
pig models are preferred for studies which look to foilopv and perform serial
measurements ovéme after the model is created his comes at an increased cost, but
with much slower growth rates they are more easily handled andecsatpry growth
does not need to be factored into changes observed post insult £ intervention. In
cardiovascular research, swine are primarily used for modeling acute myocardial
infarction, which can subsequently, without intervention, lead to modelsaot failure.

In this chapter | will discuss these models and others in context of utilizing swine for
cardiovascular research.
Acute Myocardial Infarction Model

IHD commonly results in MI(248). MI causes the death of affected cardiac
myocytes and supporting tissues, leading to pathological cardiac remodeling and depressed
cardiac pump function, subsequently leading to HFrEF. Current standard of ddiesfor
to reopen the occluded coronary vessel. This clinical scenario is emulated in the swine
model of M, either through a closiethest or opeithest procedure. Our research utilized

a percutaneous approach to the creation of an MI. This model isrpddbecause it keeps
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the anatomy intact, as seen in the human cond{fidf). There is also an open chest
procedure which is less favorable to the prior. This technique lends itself to altering the
basic physiology, due to anatomical changes, and a greater chance obnniatti the
invasiveness of the procedure. The closbést procedure is performed with a
percutaneous approach through the femoral artery. This approach relies on aicatheter
based deployment of a transluminal angioplasty balloon catheter. Other peocista
techniques to create MI deploy co{50) or microbeadg251) to create emboli, or the
administration of ethanol to the specified coronary distribu(@s?). In utilizing the
PTCA approach, it allows us quicker and cleaner procedures, with less recovery time and
greater survival. When we perform this procedure, we utilize an angioplasty balloon with
a diameter betweeri 2amm and a length ofi2 cm Once the left anterior descending
coronary access is achieved, the balloon is placed distal to the first diagonal branch. The
balloon is inflated for 90 minuteand therreperfusion is permitted. The diameter, length
of balloon in determined on a @ibyi case basis for each animal. {249 and other
(98) have attempted different locations and durations of balloon occlusion, dependent on
breed and the vessel which is to be occluded

Upon reperfusion and with no other intervention, the 90 minutes of occlusion leads
to the development of a transmurafarct thatis between i 20% of the ventricular
volume This model lends itself to biomedical studies which try to answer questions a
novel pharmacological agents, new device therapregenerative medicine and
electrophysiolgical studies The MI model can also be utilized to allow for the

manifestation of cardiac dysfunction which is observed in patients with heart failure.
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Heart Failure Models

With > 650,000 new cases of HF diagnosed each(g2aand a projection that some 8.5
million patients with suffer from HF in the U.S. by 20@1), HF is a signiftant realth

and socioeconomic problenF is a syndrome whicimay develosecondary to AMI or

any other disease which alters diastolic and systolic functibis. characterized by the
heartsdo inability to maint aidpressue(MAP)amd out p
subsequent organ perfusion, which leads to exercise intolerance and fluid retention. The
New York Heart Association is one of several classification scalesatieaised to
determine the extent to which patients fit or express plogimdl symptoms of HF. With

swine having similar cardiac structure and function to humans, as well as compensatory
mechanism that are parallel to those observed in patients, this large animal is very much
suited to study HF.

There are several differentethods which can be used to develop cardiovascular
symptoms of HF in swine. The MI mod@02), tachy induced cardiomyopath{253),
transaortic constriction (TAQI54)and hypertensive/hypernatrem(@55) are all models
performed in swine to develop HF symptomology. As our basic and clinical research
evolves over time, the deftion and classification of patient suffering from HF must
matured too. Currently, Asystolicdo HF is
and Adiastolico HF is cl assif i elkpEFigmotehe pr ¢
common in women anplatients who suffer from hypertension, diabetes mellitus, obesity
and the elderly32). While the reduction in incidence of ST segment elevated myocardial

infarction, a major cause of HFrE&nd the proportionate increase in diabetes mellitus and
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obesity may be responsible for the observed shift in the two HF principles. As

cad di ovascular research continues to progr e
advance. With that, there are still several distinctions which can be made under this
stratification and how they are created in a swine model.

The AMI model, withoutntervention, leads to a substantial loss of myocytes and
supporting tissue within the infarct zone, and progressive remodeling in the border zone
and residual viable tissue (remote zone). Within the infarct zone following MI, there is a
large sterile ifTmune response which clears away dead tissue and replaces it with scar.
Initially this scar is beneficial, because it maintains basal wall stress. Over time the
composition of the scar breaks down and there is dilation. Within the border zone, or the
transition between scar and viable myocardium, there is tremendous wall stress during this
dilation. This mechanical stress leads to a compensatory hypertrophic response within the
border zone and the remote zone, attempting to maintain wall stress ant @dequate
contractile force to maintain CO. With an inability to do so, further dilation occurs;
contractile and energetic insufficiencies become more prominent. This model,
recapitulates a HFrEF phenotype.

The tachyinduced cardiomyopathy model ame that is much more invasive in
terms of the procedures necessary to instrument the animal versus the AM(25@}lel
This induces HFrEF through pacing theaht at supéiphysiological rates, increasing the
work load and energetic demand of the ventricle over time. This sustained increase in work
load and energetic leads to progressive structural and celerawdeling within the

ventricles The model presgs with an increase in ventricular dimensions, a reduction in
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fractional shortening and reduced maximal rate of contra¢#6f). The diminished

function ocars due to alterations in myocyte Ca2+ regulation, increased ventricular
remodeling and fibrosis, and dysregulation of energy production. This allows researchers

to model nonhischemic dilated cardiomyopathy which is observed in a percentage of
patient whaosuffer from HF(257). Tachyinduced pacing and AMI allow researchers to

observe disease progression which ultimately leads to a HF phenotype characterized by a
reduction in EF; therearealtnat i ve model s which present wi
while preserving EF.

Transaortic constriction recapitulates the physiological symptoms observed in the
patients who suffer from increases afterload, like aortic stenosis This model is
implemented by performing a thoracotomy and placing a band around the ascending aorta.
While still invasive, performed by an experienced team, this procedure has little to no
mortality associated with (54). This band limits the circumferential dimension to which
the aorta can expand during ejection of blood in systole. The LV afterload increases
substantially and greater pressures are necessary to ovehmband. While the animal
can compensate acutely, during a chronic duration the LV begins to remodel in the
following ways: (1) increased hypertrophic response, (2) increased diffuse fibrosis
throughout the LV leading to a stiffer LV chamber. This @ased stiffness creates
diastolic dysfunction with normal to subnormal systolic function. This model presents
some of the early physiological symptoms, in terms of structure and function, that are

observed in patients with HFpEB?2).
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Another swine model with implications of a HFpEF phenotype in one which
produces chronic hypertension and hyperlipidemia. Hypertension and obesity are two
major cd morbidities observed in patients with HFpEXS5. The model is produced in
swine by performing a simple percutaneous procedure and feeding théngyhinalt, fat,
cholesterb and sugar f welbetpercutaneous prazge copdiet pf the
implantation of deoxycorticosteroneacetate (DOCA) pellets, which leads to the retention
of water, which in term increases blood volume and subsequently vialueréads the
ventricle. Obesity is developed by altering the contentshott ani mal 6s di €
supplementing it with the Awestern dieto,
animal. Sustained DOCA release and consumption of the WD led to classical features
observed in HFpEF patients. One major hallmark of the medkE lack or absence of
clinical symptoms of HF at rest (baseline). In patients with HFpEF, HF clinical signs
usually present themselves only during period of playsixertion rather than at r€265).

The LV chamber is also stiffer at rest, as described by a decrease in capacitance measured
through invasive hemodynami¢258); Under stress (i.e. increased atrial pacing and
dobutamine infusion) the LVEDP is increased consistetiit patient clinical symptoms

The model alsoelicits morphometric and molecular alterations consistent with
hypertensiohinduced renal abnormalities and ventricular stiffné&s5). This swine

model of lypertension and hyperlipidemvill play a larger role in biomedical research

over the coming decades since these two clinical diseases are on the rise in our global and

especially in a national population.
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Endovascular Models

Despite AMI, and HF beinthe focus of my work, there are other cardiovascular
models which are good representations of clinical relevant vascular disease, which can
cause further cardiac damage, disease progression and worse, death. Endovascular models
of aneurysm and stenosiearell suited for the swin@46). Isolation of vasculature can
becane routine in these animals, especially isolation of the carotid ar{@d8s This
procedure allows for manipulation of the intact vessel to create aneurysms and stenosis.
The aneurysm is created by performing an arteriotomy on thed;ahe&n suturing a pre
made sterile pouch to the opening. Blood flow is then restored and careful examination of
the suture is needed to make sure there is no bleeding. This model can also be generated
by utilizing endogenous tissue from the jugulanyeihereby the surgeon creates a pocket
with the isolated veinand thenthey perform an arteriotomy arstiturethe vein graft to
the opening in the artery. Again, the restoration of blood flow must be confirmed with no
bleeding occurring around the swgurThe aneurysmal model can allow researchers to test
new clinical relevant devices, particularly those that are minimally invasive and give
understanding to compensatory cellular and molecular alterations within the aneurysmal
environment.

Stenotic orcalcified vessels are another peripheral vascular disease, which can be
model within the peripheral vasculature of swine. Contralateral catheterization can be
performed in the femoral vasculature. Researchers can identify a bifurcation within the
vesselnd place a séléxpanding stent at the branch entrance. Then for training, utilizing

an already FDA approved devices, the trainees can perform a rotational atherectomy and/or
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researchers can use this model meshaeatesel op .
a barrier of similar resistance to that encountered within a stenotic or calcified vessel of
patients who have this patholo(46).
Conclusion

Swine play a role in several biomedical research fields (i.e. toxicology,
immunology, dermatology) and they are a substantial part of the translational animal
models deelop and created in cardiovascular research. Anatomical and oloysab)
swine are like patientgheir size also makes them advantageous for utilizing medical
device for imaging and treatments that are designed for hum#&0®e Swire also have
the same physiological compensatory mechanisms that are observed in patients with these
clinical diseases. Here, | have discussed several swine models of cardiovascular disease
that | find to be impactful. With that, one must keep in mind #dhmodels have
limitations; for instance, the AMI model only creates the acute ischemia that one would
present to the emergency department with, but there is usually underlying vascular disease
associated with AMI and several othei owrbidities, suclas, but not limited to: obesity,
hypercholesterolemia, hypertsion, and diabetes mellitudHaving a keen grasp on the
guestion(s) youdre asking and the model w |
important.Even more imperativas understandinghe inherent limitations of the model
youdbve chosen and to keep that into perspe

which you have collected.
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CHAPTER 4
METHODOLOGY AND MATE RIALS

Cortical Bone Stem Cell Isolation, Expansion and Characterization

A male Gottingen minipig was sedated, intubated and anesthetized as described
above. A bone biopsy procedure was initiated. Under sterile conditions, a small incision
is made in the right hindimb to access the tibia. Blunt dissection of the skeletedate
is performed tmbservethe diaphysis entry point. An Osi&ite® bone biopsy needle
(11G/10 cm) (Cook Medical, IN, USA) is used to collect a transmural bone biopsy from
the periosteum to medullary cavitfFigure4). Once collected, the biopsy ifaped in
sterile phosphate buffered saline (PBS) supplemented with 10% fetal bovine serum (FBS).
The biopsy is washed several times in PBS/FBS to rinse off any remaining bone marrow
or blood. An enzymatic and gentle mechanical digestion was perfornregl ai§i.25%
Collagenaselype | (StemCell Technologies, VN, Canada) and a conical rocker for 30
minutes at 3%C. The digested bone biopsy and solution were collected; cell medium was
added 1:1 with the total volume of the digested tisand,therfilteredt hr ough a 100
and 40em filter. Fi |l tr anin;pelletaas resugpanded inf u g e d
CBSC media and plated. Cells were passage and characterized as previously described
(188189. Once fully characterized the cell were transfected with a green fluorescent
protein (GFP) lentivirus for constitutively active GFP expression (Online Figuretlg. T
cells were then put through FACS to create a 100% @&pulation. On the day of CBSC
cell injection, the cells were resuspended in sterile 0.9% saline, countethtaincell

viability experiments werperformed. The cells total
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Figure 2.0 CBSClsolation and Expansionin vitro Tibia bone biopsy was acquired on Day 0 and
had an approximate length betweé&ld@mm (Top panels). After isolation and 7 days in culture,
colonies began to form (middlsingle panel). After several passages a more horoogen
population of highly proliferative cells was acquired and characterized by flow cytometry; the cells
were then infected with the GH@nti virus for lineagétracing methods (middle two panels).
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volume was 6ml prior to injection. The VEHeated amals received a total of 6ml of
0.9% sterile saline.
Lentivirus Transduction and Sex mismatch

A GFP lenti virus was used to constitutively express the GFP protein as a method
for cell retention and lineage tracing the CBSC that were transplanted.raltelpahe
CBSCs that were isolated originated from a male Gottingen mini pig bone biopsy and were
transplanted in a femaleecipient This allogenic approach, utilizing sewismatch
allowed us to track the cell by identify thé dhromosome, which is iminently male
specific. The techniques have been used previous and are well pufili$8&81,259).
51 ethynyli 2 iddeoxyuridine (EdU) Administration

EdU was administered to all animals in the CBSC study to identify new synthesized
or repaired DNA. All animals in the study received (3) (Invitrogen, CA, USA) 2
osmotic mini pumps (Alzet, CA, USA) filled with EdU, which were implanted
subcutaneously for either 72hrs or 7 days (for the 3Mo study), immediately following the
MI £ CBSCs. EdU was dissolved in a 1:1 ratio of d@rand DMSO at a concentration of
50mgmL. The animal was to receive a dose of 12mg/day at a rate of GiSiEgU.
Animals in the BMo cohort had pumps removed on day 7 and no later than day 10 post
implantation.
Ischemia reperfusion Induced Myocardial Infarction 7 Percutaneous Translumiral
Catheter Angioplasty (PTCA)

Induction of ischemiireperfusion myocardial infarction was performed, with

modification, following previously published metho02260). Briefly, sheaths were
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introduced into the femoral artery and vein (8F and 11F, respectively). Animals were
anticoagulated with heparin thrglwout the procedure using a loading dose of 100U/kg and

a maintenance dose of 40U/kg every hour. The left anterior descending coronary artery
(LAD) was accessed via the right femoral artery using a 6F 3DRC guide catheter (Cordis,
Johnson & Johnson, FL, B3 All animals were administered amiodarone (1.0 mg/kg,

IV) prior to Ml induction. The 2.63.0 X 12mm Maverick angioplasty balloon (Boston
Scientific, MA, USA) was then inflated to 8.0 atmospheres for a period of 90 minutes.
During the MI, we observedassical electrocardiogram abnormalities (i.ei S&gment
elevation) confirming the induction of an Ml (Figbfe& B). Interpolated prieventricular
contractions, ventricular tachycardia, and ventricular fibrillation were observed in the
majority of aninals during the MI (FiguréC.). Defibrillation (200J) and pharmacological
intervention (amiodarone 1.0 mg/kg, IV or sodium bicarbonate) were used for
resuscitation. Next, the balloon was deflated and guide catheter removed to allow 15
minutes of reperfusn prior to further interventions, this permitted time for any advanced
medical intervention that was necessary to treat acute arrhythmias. Circulating cardiac
troponin | (cTnl) levels were measured via peripheral blood serum samples at baseline,
lhr, 2hr and 72hr or 3Mo post Ml in the CBSC study. All animals in the Sham group
received the same treatment without inflation of the angioplasty balloon in the LAD.

Balloon occlusion and flow restoration were confirmed with angiograipigyife 9.
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Figure 3.0 Electrocardiogram (ECG) Characteristics Before, During and Post MIECG
recordings were taken throughout the induction of IR/MI and subsequently at each ECHO time
point. (A)l s a fAwaterfall o of the ECG waocomsécatvem pr i o
cardiac cycle in front on one another from a selection. A colorimetric scale in given to change in
voltage. Red positive, Dark blug negative. (B.) Demonstrates the waterfall view during the
initiation of balloon occlusion of the LAD (dhed line). There is depression in basal conductance,
decreased Rvave amplitude, STsegment elevation, andiwave inversion. (C.) Are
representative ECG cycles from baseline, through balloon occlusion to reperfusion. (clockwise).
Early occlusion indiates a mild SiTsegment elevation, after ~45min of occlusion was begin to
observe interpolated greentricular contractions (PVC) (which may or may not be sustained
throughout the ischemic time frame). Ventricular tachycardia is also observed in theynadijori
animals with fibrillation occurring in 60% of animals placed on study. A sinus rhythm is achieved
through defibrillation and pharmacological intervention and reperfusion allows for a more normal
sinus rhythm.

Transthoracic Echocardiography

Transhoracic echocardiography was performed at baseline, 1 month (1Mo), 2
months (2Mo) and 3 months (Mo) post Ml + RBX with the Zonare z. ond Ullirasound
system (Zonare Medical Systems, CA, USA). Images were acquired initheo@b long
and shdt axis; whle mi mode images were taken in the short axis. All analysis was
performed in a blinded manner. HEudhstolic dimensions (not shown), ésgstolic
dimensions (not shown), eidiastolic volume (EDV), eridystolic volume (ESV),
ejection fraction (LVEF) wer calculated following the American Society of
Echocardiography guidelin¢261).

In the CBSCstudies acutely (72hr study), transthoracic echocardiography was
performed at baseline and 72hrs post MI £ CBSCs with the Zonare z. oin&ltitasound
system (Zonare Medical Systems, CA, USA). Spédkdeking basedongitudinal and
radial strairanalysis waperformed on 2D parasternal long axis images in the 72hr cohort

at baseline and during terminal procedure. The global longitudinal and radial strain was

assessed as previously describ€2b2). In the chronic study Transthoracic
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echocardiography was performatibaseline, 1 month (1Mo), 2 months (2Mo) and 3Mo
post Ml + CBSCs with the GE Vivid g Ultrasound system (GE Healthcare, IL, USA) on
all animals. Images were acquired in thel @iode long and shat axis; while m mode
images were taken in the short axi8ll analysis was performed in a blinded manner
including enddiastolic dimensions (not shown), ésgstolic dimensions (not shown),
end diastolic volume (EDV), eniasystolic volume (ESV), stroke volume (SV), ejection

fraction (EF) and cardiac output (CO)meecalculated.

A. Left Coronary B. Angioplasty Balloon C. Coronary Reperfusion

SiIllS ECG Occlusion ECG Reperfusion ECG
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Figure 4.0 Coronary Angiography and Electrocardiogram during Ml Procedure
Angiography was performed in the left anterior oblique (LAO) position. White arrow head
indicates the LAD coronary artery and angioplasty balloon placen@nt. Pr& Ml
coronary angiogram displays the LAD and the circumflex distribution of the left coronary
artery, alsoshowing a sinus rhythm in the electrocardiogram (EC@®) Angiogram
demonstrating angioplasty balloon occlusion of the LAD distribution wettsation of
flow just distal the white arrow head. Egment elevation observed in the ECG,
consistent with an LAD occlusion and MI of the anterior/apical LV w@). Coronary
angiogram demonstrating reperfusion of the occluded vessel after removak of t
angioplasty balloon with resolution to theiSEgment elevation in the ECG.
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Invasive Hemodynamics
Detailed methods pertaining to hemodynamic acquisition and analysis have been
previously describe(55263264). End diastole (ED) was defined using aniehaistolic
pressure (EDP) algorithm that camhsis the maximum pressure, the preceding minimum
pressure and the maximal change in pressure/change in time (dP/dT max.). End systole
(ES) was defined as the point of maximum pressurleme ratio. The endliastolic
pressurévolume relationship (EDPVR) a&s derived from a curve fit (exponential) of the
raw data collected during an inferior vena cava (IVC) occlusion, where P UP X% V V& d
The endsystolic pressuieolume relationship (ESPVR) is derived from the calculated
end systolic elastance ¢ shoped of the ES points acquir
the calculated volume axis intercepifV It is imperative to compare changes in both the
Ees and W, as ks is a load dependent measurement of contractii§5266). The
isovolumic relaxatioc onst ant U (ms) was ca®@.ul ated as
Invasive hemodynamics were performed to assess intrinsic cardiac function during
systole (i.e. pressure ergystole [RJ, volume [Ved, LV maximum rate of contraction
[dP/dT], LV VPesl 00, elstance [&] and volume intercept [3f) and diastole (i.e.dd, Ved,
LYV minimum dP/dT, LV i sovol udiland BDEBMRpat at i on
different time pointsgreMI and 3Mo post MI) and under various condition (x CBSC or
+ DOB). Under fluoroscopic guidance, an LV pres$weanductance catheter (5F, 12
electodes, 7mm spacing, MPVS Ultra, Millar Instruments, TX, USA) was positioned in
the apex. To calibrate the catheter, the |

(Vc) (15% hypertonic saline infusion) were performed prior to each study. Sy
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data was acquired under spontaneous heart rate (HR) for approximately 15 beats prior to
inferior vena cava (IVC) occlusion. A maximum of three IVC occlusions was performed
to collect stable data (O 20 bdrngthigtime Vent
to eliminate respiratory artifact. This procedure was replicated under the administration of
2.5ug/kg/min DOB infusion at all time points (baseline, 3Mo post Ml = CBSC).
Hemodynamic analysis was performed offline using LabChart softwdd&étruments,
CO, USA).
NOGA Electromechanical Mapping

NOGA® is an intracardiac catheter based ele¢m@echanical LV mapping system
(Biologics Deliver Systems, Johnson & Johnson, CA, USA.). All animals received a pre
and postMI electromechanical asssment, which consist of the acquisition of BID
discrete points which measure the electrical conductance of the endocardial surface in the
LV chamber(Figure 7). The software than collects these points and renders a 3D
reconstruction of the internaindensions of the LV and provides an electrical conductance
and a separate mechanical assessrreggure7A & B). The postMI map was then used
as a guide for delivering therapy. In a blinded manner, ten transendocardial injections were
performed of elter VEH (10 injections, of 0.6ml of sterile PBS, 60 seconds per injection,
1:1000 fluorescent mi cr os phe f ehs)20 milion CB S C o s
total] in 0.6ml of sterile PBS, 60 seconds per injection, 1:1000 fluorescent microspheres)

tot he fiborder zoneo (B.Z.) wusing
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Figure 5.0 NOGA Electromechanical Assessment and Therapeutic Delivery Validation
NOGAI based assessments were performed at baseline, immediately post Ml and during terminal
procedure(A.) The unipolar voltge map and the colorimetric scale given to define viable and
nori viable tissue with representative 3D maps before and aftefBWIThe linear local shortening

map and the colorimetric scale given to define viable andvialle tissue with representatidD

maps before and after M(C.) Regional assessment of LV conductance before, after Ml £+ CBSCs
and during terminal procedure. CBSC treatment preserves LV conduct@n&epresentative
images of intact heart after explant, and the visualizatiomjettion sites along the LAD
distribution. Circled is the red fluorescent microspheres from an intramyocardial injection. Scale
bar = 1cm

the MYOSTAR® transendocardial injection catheter. The BZ is defined as the transition
area between low and higbltage (electrial assessment), and kinetic aidnetic/
dyskinetic tissue (mechanical assessmenthessured by the pddtll NOGA® mapping
(Figure7 AT C). A final electromechanical assessment was performed during the terminal
procedure.
TissueProcessing and Gross Morphometry

In the RBX study, cardiectomy was performed under general anesthesia and gross
morphometry was performed as previously descriBé€). Briefly, the heart was weighed
and the basal twehirds fixed via perfusion withiditers of 10% formalin. The botto
third was taken for molecular analysis. The fixed portion was sectioned intoastiort
slices. Each slice was measured for mean thickness prior to further processing. The basal
surface of each slice was photographed using a Nikdr-DiScamera. Seohs from
infarct zone, border zone and remote zone were processed for histological analysis and
stained for Ma s s DAIdiack Cat#r HTESh rVheae gerftn Saggtutinia
(JWGA] Life Technologies Cat#: W11262) staining was performed to observedyteyo

cros$ sectional area (CSA).
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The scar area was identified by the extracellular matrix deposition, while the viable
area was healthy tissue; both were measured using NIH Image J software. The scar volume
was calculated by multiplying the scar areaeath slice by the average thickness, this
calculation was also performed for the viable area. The percent scar volume of each heart
was determined by adding the volumes of all slices and dividing by the total scar volume.
Tissue samples were also cotkt for molecular analysis. Transmural slices from the
midi myocardial anterior (infarct), lateral (border) and posterior (remote) walls of the left
ventricle were flash frozen in liquid nitrogen and storeiB&C for further analysis.

In the CBSC stdies, all organs were weighed immediately post explant and then
processed for gross, histological or molecular analysis (Figuren all animals, after
explanting the heart, we identified injection sites by observing fluorescent microspheres
under UV light or by gross observation (FigufB). In the 72hr study the heart was sliced
in cros$section from apex to base. The apex (slice #1) was emersion fixed in 10%
formalin. Apical mid myocardium (slice #2) and basal fidyocardium (slice #4) were
stainedor tetrazolium chloride (TTC) as previously descrif268). For each section that
was stained with TTC, the apical and basal surface of each slice was photographed using a
Nikon DS Fil camera with NIBElements We quantified the percentage of the total area
using image J in a blinded manner. Theimgocardium (slice #3) was cut into small (~1
g) pieces from endocardium to epicardium. These sections were allocated for molecular
and blood flow analysis. Ihé 3Mo study, the apex (slice #1), iimayocardium (slice

#3), and the base of the heart (slice # 4) were fixed via emersion in
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72hr & 3Mo Study Tissue Processing (Study I- 72hr)

Slice Processed Analysis
1 Apex 10% Formalin Histology
2 Apical Mid TTC Gross Morphometry
3 Basal Mid Liquid N,/ Air Dried Molecular/ Blood Flow
4 Base TTC Gross Morphometry
Tissue Processing (Study II - 3Mo)
Slice Processed Analysis
1 Apex 10% Formalin Histology
Apical Mid Liquid N,/ Air Dried Molecular/ Blood Flow
3 Basal Mid 10% Formalin Histology
4 Base 10% Formalin Histology
I
B. - -
Anterior Wall Anterior Wall
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Online Figure 6.0 Tissue Processing and Confocal Image Acquisitioit 72hrs or 3

Mons, hearts were explanteddgmwocessed for gross, histological and molecular analysis.
(A.) Description of how the heart was crbssctioned from apex to base and how each
slice was allocated for analysis at each time point. Scale bar = (B representative

cros§ section and he each region of the LV chamber was divided for molecular and
histological processing. Each region was section into three transmural slices a processed
accordingly. (C.) Schematic of how each slide was imaged using confocal microscopy.
3x3 large image€l0) were acquired, yielding 9 images per scan, 45 images per each tissue
section and 90 images total per slide, per section.
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10% formalin. The apical mignyocardium (slice #2) was cut into small (~1 g) pieces
from endocardium to epicardium. Theset®ers were allocated for molecular and blood
flow analysis. Other organs (lung, liver and kidneys) were frozen and fixed in 10%
formalin for molecular and histological analysis, respectively.
Immunofluorescence

For the CBSCstudies transmural sectian from the anterior wall/infarct zone
(AW/1Z), lateral wall/ border zone | (LW/BZD), posterior wall/remote zone (PW/RZ) and
the septal wall/border zone Il (SW/BZDII), spanning fromief@ endocardium were
processed and embedded in paraffin wax. Thekblaere marked for the presences or
absence of a transendocardial injection site. The wax blockssmeret i oned ( 5&em
and mounted on glass slides (PLUS slides) by AML Laboratories, FL, USA. Slides from
all four regions, with or without inject site, were deparaffinized, and citrate anhydrous
antigen retrieval was performed at boiling temperatufidse slides were then allowed to
cool for 30 minutes at room temperature. Blocking was performed with TNB buffer for 45
minutes at room temperature. The primary antibodies were diluted and incubated on the
slides overnight at%. The slides were themashed three times in PBS and secondary
antibodies were incubated at a dilution of 1:100 for an hour at room temperature. Slides
were washed three times in PBS. The EdU ¢lickeaction was performed as per the
manufacturers protocol (Thermo Fisher éific, MA, USA) if needed as a
complimentary stain. Next, slides were washed three times in PBS and incubated with
DAPI, ten minutes at room temperature, followed by another set of PBS washes. GFP, our

first CBSC retention marker, staining utilizadyramide signal amplification (TSA) kit
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(PerkinElmer, MA, USA). To quantify myocyte crdsgctional area, another set of slides
were stained with wheat germ agglutinin (WGA). The primary and secondary antibodies,

manufacturers, host species and diluticas lse found in the TabkO.

Table 3.0 Antibodies for Histological Analysis

Name 1° 2° Manufacturer Cat. # Host  Dilution
Green Fluorescent Protein (GFP)(IgY) X Life Technologies A10262 Chicken 1:100
Anti-Chicken (Biotin) X Jackson ImmunoReasearch Laboratoii€8-065-155 Donkey 1:3000
Tyramide Signal Amplification (TSA) Kit X PerkinElmer 701001KT N/A

SA-HRP X N/A  1:100

Tyramide X 1:50
EdU Kit (A647) Thermo Fisher Scientific C10337 N/A
U-Sarcomeric Act i nX Sigma A2172 Mouse 1:500
Anti-Mouse (IgM) (Rhodamine Red) X Jackson ImmunoReasearch Laboratoif@$-005-140 Donkey 1:100
DAPI X Millipore 268298 N/A  1:1000
Wheat Germ Agglutinin (WGA) (FITC) X Life Technologies W11261 N/A  1:100

List of antibodies used to perform immunohistochemical analysis of cardiac tissue at 72hrs and 3 months'@BS®4l

Confocal Imaging and Analysis

The Nikon C2+ confocal microscope and NEtements V4.30 (Nikon, NY, USA)
were used to image all immunofluorescent stained slides in the CBSC study. Ten large
scan image (each consisting oha serial stitched images) were acquired with a 20X
objective with a zoom of 2X of each tissue section (giving us 40X images). Thege large
scale images were divided into nine single images. There weréfieety40X) images
taken per tissue section anohety per slide for each anatomical location (AW, LW, PW,
SW) and each animal (+ CBSC8§jqure8C). Quantification of histological analysis was
performed on various software programs, Naquantus, which we developed and previously
described269) for myocyte/ noihmyocyte proliferation and NIH accessible Image J. We
validated the imaging of EAU+ myadeg through software features in both NIS Elements

and Image JHigure9).
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Figure 7.0. Independent Image Analysis Validating EdU Myocytes A representative
EdU+ myocyte was imaged using thiestack approach. The localization of the indinatu
channelqA.) in the X and Y visual plan are observed, using NIS elements. The channel
breakdown is al so dB)0WBAwas &so asedao dbnaonstrate that0 € m.
the EdU+ nucleus was surrounded by the intact membrane of the myocytes. Within Image
J softwae analysis of theizstacked image can be performed. (C.) Showsiteaek in
an X, Y axis orientation, while (D.) illustrates the X, Y & Z plans. Image J allows the user
to alter the Z axis scale, allowing for the user to observe each image (ihstaeky in
separate distinct plans (D1.) while still oriented with one another. (D2.) Demonstrates that
the EdU [ *], t he DAPI [ V1] and Actin [ o] ar
stacked images. EdU (green), Actin (red), WGA (white) and DABE]b
Genomic DNA Isolation and PCR

Molecular samples were acquired from all animals + CBSCs. Injection aiid non
injection sites were flash frozen in liquick Bnd stored &t80 °C. Injection site samples
were identified, and a genomic DNA exttion was performed using NucleoSpin® tissue
extraction kit (MacheréyNagel, PA, USA). While Ychromosome primers have been
established in rodent models, for the identification of transplanted2@0s there are no
published primers for swine models; here we tested several primer sets to identify the Y
chromosome of male transplanted CBSCs in female heart tigyed10). We have
identified that the testis specific proteinjIviked 4 (TSPY4) region within the Y
chromosome give us reliable and reproducible identification of both transplanted cells and
male heart tissue (FWIDGCGTAATGTTTCACGCTCCT & REWY CCACCAAI
CTACCGACTGAGG). The other targets within thé& dhromosome showed some iion

specific binding after PCR and running the products oaganoseyel.
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Primer Sets
Gene Forward Primer Reverse Primer

SRY (I) CTGGGATGCAAGTGGAAAAT CCTGTTGCAGAAGTGAGCTG
SRY (II) TGTGGTCTCGTGATCAAAGG CCTTGGCGACTGTGTATGTG
TSPY4 (I) GCGTAATGTITTCACGCTCCT CCACCAACTACCGACTGAGG
TSPY4 (II) GGGAGTGTACCACCATCAGG CCGGCTAGCTTGCTITATTCA
EIF1IAY (I) TGAATTTCGGTCATCACCTGT TGGGGCITATCACAGTCCAT
EIF1IAY (II) TGAATTTCGGTCATCACCTGT GAGGGTGGCAACATCAAATG

Figure 8.0 PCR Primer Optimization for the Y7 chromosomeSix primer set, targeting
three distinct regions within thei¥hromosome, were tested by standard PCR. RNA was
isolated fom male and female cardiac tissue and PCR was performed. The products were
then run on a 1.5%garoseagel to identify any noinspecific product formation that could
lead to a false positive. TSPY4rimer set 1 was the only set which cleanly identiffesl t
male tissue vs. the female tissue. A list of forward and reserve primers are listed above.
Protein Isolation

RBX tissue samples were placed in Iml ofiprdhni | | ed o&écyt opl as mi
bufferd and h o20hestrpkes iHbneodenateavas inkt@d on ice for 10
minutes, then transferred to a 1.5ml Eppendorf tube and centrifugitifar 4ive minutes

at 500xg. We then immediately transferred supernatant into another 1.5ml Eppendorf tube

(cytoplasmic fraction). The pellet was then resuspended 6 50 Ol of 6 membr an
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buffer & an d°Cfontenuninatds evith cantinuods gentle mixing. Next, the
samples were centrifuged dCAifor S5minutes at 3000xg. The supernatant was collected
and placed in another 1.5ml Eppendorf tube. phbet was then discarded and the
cytoplasmic and membrane fractions were stored for western blot analysis.
Western Blot

Western blots were performed using the LICOR Systems general protocol for the
RBX study. Samples were run on a 12% $pe&de gel andransferred overnight to
0.45um nitrocellulose. Blocking was performed and primary antibody for was incubated
for 1hr at room temperature. The blots were then washed three times and incubate in
LICOR IRDye® 800CW antirabbit secondary (LICOR, Cat#: 9282213) for 30 minutes.
Membranes were washed then imaged using the LICOR System and analyzed.
Quantification of band intensity was performed using LICOR Image Studio software.
PKCU activation involves its trangVlpcati on
Tot al PKCU activation was presented as a p
Activation was determined by measuring the
abundance. Primary ant i bo tAldech CateR4834),as f ol
PKCU pT638 (GeneTex, Cat#: GTX61075), GAPI
PLN (Millipore, Cat#: 05205), PLN pSerl16 & pThrl7 (Badrilla, Cat#: AGI2 & A010

13 respectively).
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CHAPTER 5
LARGE ANIMAL MODEL O F HEART FAILURE WITH REDUCED EJECTION
FRACTION SECONDARY TO ISCHEMIC HEART DISEASE AND TH E USE OF
RUBOXISTAURIN AS A NOVEL POSITIVE INOTRO PE
Abstract
Heart failure (HF) secondary to myocardial infarction (MI) is characterized by
ventricular dilation, reduced systolic function and a lack of contractsderve, with
diminished responsiveness toat e ¢ h o.| laotnopic support is often required to
stabilize the hemodynamics of patients with acute decompensated HF. Currently utilized
inotropic therapy, while efficacious, has a history of leading to lletlthythmias and/or
exacerbation of contractile and energetic insufficiencies. Novel therapeutics that can
improve contractility independent of classical betdrenergic signaling and downstream
PKAI regulateceventsshould be therapeutically benefici® K CU acti vity i ncr
models and in patients with HF, where it dampens cardiac contractility. In the present
studywe tested the inotropic effects of rubo
swine model of heart failure with reduced ejeaticaction secondary to ischemic heart
disease.
Female Gottingen minipigs underwent either ischénejaerfusion induced Ml or
sham surgery. MI animals were subject to serial echocardiography and invasive
hemodynamics with a dobutamine stressrespohde. 3 mont hsd post Ml ,
treated withRBX (20mg/kg)and cardiac function was assessed by echocardiography and

invasive hemodynamics. The data illustrates Matcaused progressive pathological
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remodeling, LV dilation and reduced contratyilas evidenced by the rightward shift in
the pressuiev ol ume rel ationships. PKCU activity
increased membrane bound fraction post MI. There was a smaller than normal inotropic
response to dobutamine 3 mont hisdreadrgicand MI ,
PKAi dependet signaling. However, RBX increased contractility, as evidenced by a
leftward shift in the ESPVR and a significant decrease in left ventriculdrsgstolic
volume at a pressure of 100 mmHg (LVAI®O0). RBX also induced reductions in &énd
diastolic and systolic volumes in MI but not sham animals. donclusion, we feel that
the PKCU/ B inhibitor RBX acutely increases
a minii pig Ml model. These results suggest RBX would be an interesting new therapeutic
strategy to attempt in heart failure patients wierafractorytac at ec ho.l ami ne d s
Introduction

Cardiac pump function is reduced in heart failure (HF) secondary to acute myocardial
infarction (MI), and other diseases that cause ventricular dilation. In addition to reductions
in basal function there & lack in contractile resen{@1). This syndrome is termed heart
failure with reduced ejection fraction (HFrEF). Inotropic therapy is often required to
improve pump function and support central hemodynamics in acute decompensated HF
(ADHF) (272. However, most inotropic agents currently in clinical practice activate
protein kinase A (PKA) or alter key mediataia73). PKA signaling is the principle
mechanism to regulate cardiac contractility in the normal heart. Persistent activation of
PKA signaling is required in the failing heart to maintain central hemodynamics, and this

leads to disruption of the sigling cascade and blunted adrenergic responsiveness. Drugs
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such as milrinone increase cyclic adenylate monophosphate (cCAMP) by inhibiting the
phosphodiesterase (PDE Il in this case) that catalyze cAMP inactivation and thereby
increase PKA activation. Bise drugs have reduced efficacy as compared to normal heart,
but are still potent inotropes that can improve cardiac function in patients who present with
ADHF (274). However, these drugsrtanduce lethal arrhythmig275), and because they
can also cause €=overload in the sarcoplasmic reticulum (SR), they can induce myocyte
death (276 and thereby exacerbate heart failure progression. Therefore, patients that
survive episodes of ADHF, that required the use of Plativatinginotropic support,
have a worse prognogi277). Novel inotropic therapies that increase cardiac contractility
and have positive effects on ventricular remodeling but avollkK®y signaling could help
patients with HF.

Over the last decade, Wé1,75278280 and otherg72,281-284) have investigated
the role of protein kinase C (PKC) in the alteratiohisasal inotropy and inotropic reserve
in small animal HF models. PKC is a family of serine/threonine protein kinases, which are
activated through C& and/or lipid mediated signaling mechanisms, and are enhanced in
HF. The major PKC isoform expressedcardiac tissue of small (moug@B5 and large
(rabbit)(286)animak , as wel | as (AAn hBKEODsabusBd®KEE a
increases in the diseased heart and has been linked to reduced cardiac myocyte
contractility, while PKCU i n().bi tAKQU itnacrrge
proteins are distinct from those activated by PREK4287) and include classical &a
handling ad regulator proteins within the membrane, cytosol and at the level of sarcomeric

proteins (71,282-284,288). Studies performed largely in mouse dats suggest that
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inhibition of Hikdepdndenoapprahch boéncreaseRdhthactility in the
failing human hear71,279. However, regulation of cardiac contractility is fundamentally
different in rodents and large mammals, including humans, and this may explain why so
many C&" 1 dependent therapeutic strategies that have worked in rodent modetshave
translated to effective therapeutics in hum@89290). Previously we tested the chronic
administraion of RBX in a farm pig model of M{73). Ladage et akeported that RBX
had beneficial effects on cardiac contractility (dP/dTmax) and remodeling (LVEF) at 3
mont hsdé post Ml . Al t hough RBX wakg/dag)d mi ni s
beneficial effects were only observed at thendnth time point. This could be due to the
normal hypertrophic growth observed in farm pigs over the study timeline or that sufficient
cardiac pathology devel oped 8avat3i omondfhs BB
beneficial effects. This study did not define the mechanism by which RBX treatment
improved function but demonstrated the safety and efficacy of chronic RBX administration
post MI. Therefore, the present study examined the idea tha acBtK CU i nhi bi t i
increase cardiac contractility in a mipig MI model which has developed significant
structural and pathophysiology characteristics consistent with the clinical defined
syndrome HFrEF.

The present study explored the effectsBfliC U/ b i nhi bi t or), rubo
which has positive inotropic effects in small animal models of cardiac digéa280).
RBX is a PKCU/b inhibitor of the bisindoly
trials for patients with diabetic retinopatkiy0,291,292). In these trials RBX was well

tolerated without major side effects, making it an attractive pharmacological agent that
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could be repurposed rfothe treatment of patients with HF. The experiments in this study

show that acute RBX treatment increased cardiac contractility and reduced heart size in a

swine MI model with ventricular dilation and reduced ejection fraction. These results

support thadea that RBX could be a PKAndependent inotropic treatment for patients

with HF.

1 Month
Post-MI

2 Months
Post-MI

3 Months
Post-MI

Echocardiography,
Invasive Hemodynamics
Myocardial Infarction Sham Myocardial Control
Occlusion of the LAD for Infarction (n=3)
1.5 hours, followed by No occlusion was
repertusion. (n=17) performed. (n=6)
Echocardiography
Echocardiography
Echocardiography Echocardiography Echocardiography
Electrocardiogram Electrocardiogram Analysis || Electrocardiogram Analysis
Analysis (n=17) (n=6) (n=3)
Invasive Hemodynamics
+ DOB. (n=3)
RBX (20mg/kg) RBX (20mg/kg)

Echocardiography (n=17)
Invasive Hemodynamics

(0=5)

Echocardiography (n=3)

Tissue Harvest for Western Blot Analysis
Gross Histological Analysis, Immunohistochemistry

Figure 9.0 RBX Study Timeline Protocol used to induce acute myocardial infarction and
functionally assess the progression of pathological remodeling. Timelirtelivery of
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Methods and Materials

Twentyi six female Gottingen minipigs were used (Marshall BioResources, North
Rose, N.Y.). All animals were ages8/months, with a mean weight of 3ddgrams.

Three groups were derived from this cohort of animals: Sham (n = 6) for gross
morphometry, Ml + RBX (n = 17) and Control + RBX (n = 3) (Figlit¢ Anesthesia was
induced by intramuscular injection of 6.0 mg/kg tiletamine/zolazepam (Telazdl; For
Dodge Animal Health, Fort Dodge, IA, USA). Gottingen minipigs were intubated with an
endotracheal tube of 5.5 internal diameter, and general anesthesia was maintained with 1%
to 2% isoflurane (Iso Flo; Abbott Laboratories, Animal Health Division, AbBatk, Il

USA) supplemented with 100 % oxygen with volume limited ventilation. Blood
oxygenation was monitored using continuous pulse oximetry. Electrocardiogram (ECG)
was monitored throughout the entire procedure.

Induction of ischemiiareperfusion mgcardial infarction was performed as
previously describe in chapter 4. All animals in the Sham group received the same
treatment without inflation of the angioplasty balloon in the LAD. Balloon occlusion and
flow restoration were confirmed with angiogrgpds previously described. Transthoracic
echocardiography was performed at baseline, 1 month (1Mo), 2 months (2Mo) and 3
months (Mo) post Ml £ RBX with the Zonare z. one ultgétrasound system (Zonare
Medical Systems, CA, USA). Invasive hemodynamicsewarformed to assess intrinsic
cardiac function during systole (i.e. pressuréd egstole [R{, volume [Ved, LV maximum
rate of pressure development [dP/dT], LVMPO, elastance Bg and volume intercept

[Vo]) and diastole (i.e. & Ved, LV minimum dP/dT, LV isovolumic relaxation constant
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[ U] , edlOANnd\ERPPVR) at different time points (pk&l and 3Mo post MI) and under
various condition (x DOB and/or £ RBX).

At 3Mo post MI, a single oral dose of ruboxistaurin (20mg/kg) (Eli Lilly and
Company,IN, USA) (292 was administered to each animal mixed with normal feed.
Animals were then given 2 houiz93) prior to any procedure to evaluate function or fulfill
any other enigooints (Figurell). After all functionalend points were collected a
cardectomy was performed and tissue was harvested for gragshometry histological
and molecular analysis as previously described in chapter 4.

Analysis and statistics was performed in a blinded manner. All data anaigises
performed using SAS version 9.3 (SAS Institute, NC, USA). Data were presented as mean
+ SEM and analyzed mainly within each treatment group over time (Ml or CON= Control),
except for when the comparisons between the treatment groups were madeablesar
such as heart to body weight ratio. Heart to body weight ratio was analyzed usirig a two
sample ittest to show the balance between the two treatment groups. Statistical
significance of myocyte crotsectional area was performed using aitway ANOVA
(analysis of variance) with a Bonferroni multiple comparison adjustment foii tredue.
Changes post Ml in echocardiographic and electrocardiogram parameters
measured at baseline, 1Mo, 2Mo, and 3Mo post M|l were analyzed using the non
parametric sign rdatest with a Bonferroni multiple comparison adjustment for thvalpe
since there were three pairwise comparisons made between the baseline and each of the
three post Ml time points. These variables were also analyzed using thé efiizets

model apprach for the overtime repeated measurements and the comparisons

77



C. Myocardial Volume

3MO PMI

m
»

HWI/BW Ratio (g/kg)

1

N
1

Sham 3Mo PMI

F. Myocyte CSA G.
"Bz s Sham __3MOPMI __ Sham ___3MO PMI
600 M v L - - —] -
e = |y " gy — o (o P -
200+ PKCa ~77kDa
0 o 2 1 PKCa
W b .
- 3 404
800 RZ §
6004 ( Activated 5 "
e I P
- 5 204
200+ g
0 d‘&O\ T
Sham 3MO PMI Sham 3MO PMI
Figuré® LOoss, Cellular and Mol ecul ar Remod
(A.®ross images of sham heartiseawthiodore @Omriggmt

of Tmiyadcar(dBGumisnsages of TMR heakt powhol e or ga
and isreadss oimyofc amidd um ((€iFchar psainzed )anal ysi
viable (white) and scar tissue (black) as
we e k siMbp(D.sBrighti field images were taken of Masssririchrome stained miid
myocardial crogssections of the anterior (AW), lateral (LW) and posterior wall (PW) of a

3Mo PMI animal. 10X (outside images) and 40X (interior images) were acquired to
demonstrate fibrosis antie deposition of collagen in the AW and LW of the pibHt

animal. (E.) Heart weighitoi body weight ratio(F.) Myocyte crosgsectional area
calculated from the two viable zones (border zone [B.Z.] and remote zone [R.Z.]) in sham
animals versus 3Mo PMinimals. The images represent the border zone in the sham group
(F1.) and the 3Mo PMI group (F2.) Large image is 20X and small image (top right corner)
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is 40X. Data is shown as the mean by anatomical region in the graphs(&lofnimals
underwent sha (n=6) or MI (n=6) procedure and terminal studies were performed at 3Mo

+ PMI. Tissue was collected for molecular analysis. Protein was isolated and fractionated
into cytosolic (C) and membrane (M) fractions. Percentage of membrane bound fraction
over he cytosolic fraction is shown. Sham animals are represented by open bars, while 3
mo n tposs Ml issolid (red) bars. MaritWhitney Wilcoxon test was performed ([*] p

o 0.05; [***] p O0.005 vs. sham) Large sca
within the treatment group between each of the three post Ml time points and the baseline
were made simultaneously via the Dunihldu adjustment. This modeling approach took

into account the withiranimal correlation among repeated measurements overtinge via
flexible structure for variance components, affording different magnitude of variability
across the different time points within the treatment group. The results, however, were
similar (data not shown). Changes in endpoints of interest between 3MdIpbRBX

were also analyzed using the iparametric sign rank test. Western blot analysis was
performed usindla W"Wh i tiWwie ly c o x.d-ar altaradyses, d palue of < 0.05 was
considered statistically significant.

Results

Left Ventricular Remodelingfter Myocardial Infarction

Ischemia reperfusion (IR) of the LAD distribution caused a large myocardial
infarction. The total scar volume of IR/MI hearts was 17% of total ventricular volume
(Figure12Ai C). Three months after Ml the infarct area was Iprgear tissue and the
border zone (BZ) also had significant scarring. The remote zone (RZ) of the heart also had
increases in diffuse fibrosis (Figut2D). MI hearts had significant increases in HW/BW
ratio documenting a reactive hypertrophic responggu(e12). WGA staining was used
to quantify myocyte cro$sectional area (CSA) in the BZ and RZ tissue. Myocyte size was
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significantly increased, versus shams, in both zones (FitRie With the structural
remodeling, we also observed alteration inenolu | ar acti vation of Pk
showed a significant Il ncrease in the membr

(Figurel12G).
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Figure 11.0 Left Ventricular Remodeling ECHO was performed before, 1 month (Mo),

2Mo and 3Mo after MI.(A.) Endi diastolic Volume (LVEDV)(B.) End systolic volume

(LVESV) (C.) Ejection Fraction (LVEF) Images were acquired using the 2D parasternal

long axis view. Calculation was performed using the Simpson method. Open bars represent
before MI, red bars represguastMI. ( [ *] p O 0. 05; [**] p O 0.0
p O0. 005 vs. sham)

Temporal changes in cardiac structural and functional remodeling after Ml were
defined with serial ECHO analysis. Cardiac structural and functional remodeling after Ml
were also agssed with invasive hemodynamic measurements, including pressure volume
determinations and DOB stress responses that were performed before and 3 months after
MI (Figures 14, 15 & Table 4.). Progressive cardiac chamber dilation (increased
LVEDVs and LVES\s) was associated with progressive decreases in ventricular

performance (LVEF) over the 3 months following Ml (Figut8Ai C). Invasive

hemodynamic measurements made before Ml and then repeated during terminal

80



Table 4.0 RBX Invasive Hemodynamics

Baseline (n = 5) 3MO Post MI(n = 35)
-DOB (+HDOB (-)DOB (+)DOB (+)RBX

Heart Rate (bpm)

Mean 87.85 90.55 96.89 91.05 12021

+SEM 10.75 10.77 15.83 9.88 30.89
Volume,, (mL)

Mean 10.67 8.27 51.6% 39.06*%+ 24.5%%

+SEM 2.67 2.55 3.98 8.56 3.26
Volume,; (mL)

Mean 30.31 27.65 70.56* 62.48% 42.74%

+SEM 436 3.67 4.64 9.80 3.46
Stroke Volume (mL)

Mean 21.06 2196 2625 28.55 22.86

+SEM 228 2.08 3.29 341 5.47
Ejection Fraction (%)

Mean 71.61 79.39 35.55% 48.8%1 50.61F

+SEM 4.16 5.21 2.52 6.92 8.13
dP/dt max (mmHg/s)

Mean 1623.00 3435.00* 123856  2889.4%F  2063.25

+SEM 50.17 328.78 105.58 755.61 665.53
dP/dt min (mmHg/s)

Mean -1888.60 -1903.00 -1519.00 -1767.20 -1572.10

+SEM 200.20 213.72 83.94 156.45 344.86
End-systolic Elastance (Ees)

Mean 4.72 7.22% 3.14 4.06 4.86%

+SEM 0.40 0.39 0.61 0.72 0.42
Volum e axis intercept (V)

Mean -4.89 -4.37 23.66% 18.64% 3.99t%

+SEM 3.33 211 6.06 5.14 6.83
Pre-load Recruitable Stroke Work (PRSW)
Slope

Mean 62.46 87.75* 56.83 95.91%F 64.69

+SEM 544 5.42 10.54 16 10.63
Volum e axis intercept (V)

Mean 9.2 6.85 45.15% 43.67% 17.147%

+SEM 3.06 3.36 6.99 5.76 6.53

End-systole (. end-diastole (,,). Stroke Volume (SV), Eleastance arterial (Ea),
Maximal change in pressure over time (dP/dT max.), Minimal change in pressure
over time (dP/dT min.), Volume at dP/dT max./min. (V@dP/dT max./min.), and
relaxation constant (Tau). P-values were calculated using the sign rank test with a
Bonferroni multiple comparisons corrections for the MI group for comparisons
between baseline, three months post-MI and three months post-MI+ RBX. At each
time point (+ DOB) a two-tailed t-test was performed vs. (-DOB). p < 0.05 are
significant. Indicates significant vs. Baseline (*); vs. 3MO Post MI (1); vs. 3MO Post
MI + Dob. (1)
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studies confirmed the longitudinal ECHO findings (Taél@. Left ventricular pressure

and volume measurements showed that the EDPVR was shifted to larger volumes at
spontaneous heart rates (FigawAi B). The left venticular volume at an eridiastolic
pressure of 10mmHg (LVVPed10) was also increased confirming dilation (Fige

EF was found to be significantly reduced versus baseline (71.61 + 4.16% to 35.55 + 2.52%)
at 3 mont hs 0 14p)o Bhe rightwad ghik in the ESPVR (Figurg4B) and
increased LVVPes100 (FigufelE) indicates reduced ventricular contractility 3Mo post

MI. The preload recruitable stroke work (PRSW), which is a load independent
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measurement of systolic function, was significantlytetl towards the right at 3Mo post

MI (Figure 14C), showing a decreased amount of work being performed for a given
volume. There was also widening of the QRS complex at 3Mo post Ml suggesting
electrical remodeling, likely due to scar formation and ddftisrosis within the remote
zone (Tablet.0). These functional data confirmed the development of a HFrEF phenotype
in these animals at 3Mo Post MI.

Reduced Contractile Reserve

Cardiac responses to DOB were measured before and 3 months after Ml (Figure
15, Table4.0). DOB infusion caused significant changes in ESPVR (specificallydfe E
LVVPe100 and dP/dTmax. in the normal heart (Figlige Table4.0). Identical DOB
infusions in the same animals, 3 months after MI only caused a significant chahge in
dP/dTmax. (Tabld.0), while changes in ESPVR and LV¥POO0 were insignificant. These
experiments demonstrate that the effects of DOB on cardiac contractility are reduced in
this IR/MI HFrEF model.

Ruboxistaurin Treatment Reduces Filling Volumes bwadeases Contractility

Transthoracic ECHO and invasive hemodynamics were performed after RBX
administration in 3Mo post MI and control animals. The most significant effect of RBX
in MI hearts was a significant reduction in the LV volumes, consequerigalijng to an
increased LVEF as measured by ECHO (Figlé&i C). ECHO measurements also
showed that RBX had no significant effect on cardiac filling volumes or LVEF iniaged

matched controls (CON) (FigudéDi F). The significant reduction in ehdiastolc and
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T systolic volumes in Ml + RBX wereonfirmed with invasive hemodynamics (Tallé).

These studies showed a significant leftward shift in the PV IBDPVR, and LVVPed10
(Figurel7B & E). Inthe presence of RBX treatment the ESPVR and the load independent
measure, PRSW, shifted significantly leftward back towards baseline while the
LVVPes100 was substantial reduced (Figlivé), demonstrating an incase in force of
contraction. While the marginal increase g \Eas not significant vs. 3Mo PMI + DOB,

the W was significantly reduced (FigudeZl). ECG measurements were made in RBX
treated animals. RBX increased HR but there were no other signditarattions in ECG
intervals (Tablé.0). In control swine RBX had no significant effects on cardiac function
(Figure16) or on rate, rhythm or conduction (Tal®#). No arrhythmias were observed

in any RBX treated control or Ml animals.
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Figure 14.0 Assessment of LV Volumes with RBX Treatment after Ml and in Control
Animals ECHO was performed before and after RBX treatment at 3Mo FAM). End
diastolic Volume (LVEDV) was reduced + RBXB.) End systolic volume (LVESV) was
reduced + RBX.(C.) Ejection Fraction (LVEF) was increased + RBX. Iniagatched
control, £ RBX had no effect o(D.) LVEDV (E.) LVESV (F.) LVEF. Images were
acquired using the 2D parasternal long axis view. Calculation was performed using the
Si mpson méualowasvs)Mb PM

Ruboxistaurin alters PKCU Phosphorylation
Target

Ti ssue samples were collected from (remn
post MI N RBX to determine if RoBpforytations ed c

of the PKA target protein phospholamban (PLN) (FigiBe Many phosphorylation sites

are thought to induce changes in PKCU act.i
presence of RBX, PKCU phosphormpdaraittoiMin at
animals without treatment (Figude3A) . The reduction of PKCU

was associated with RBX effects on cardiac structure and function. PLN is a critical
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regulator of sarcoplasmic reticulum ¥aATPase (SERCA) activity and isirdctly
phosphorylated by PKA at seriris5. We found that RBX had no effect on RLIN6
phosphorylation (Figur&8B).
Discussion
Myocardial infarction (M), which causes death of the affected tissue, is followed
by cardiac remodeling, which involves séamation, ventricular dilation and poor pump
function. Ultimately, this remodeling can lead to HFrEF. A critical feature of this
syndrome is persistent neuroendocrine responses that are required to maintain basal
hemodynamics but eventually lead to regtlianotropic reservg21,290). Myocyte
remodel i ng, I nc | u dadrangrgic sgmalingredownstréam enatropsc o f b
target proteins, are critical components of reduced inotropic reserve(B3HF
Activation of PKCU is known t q7L,7educe
PKCU activity i sheantphltessiricreasen incandec hypenraoplayland
failure, and contributes to the reduced inotropic reserve of the failing heart by altering
contractile C4 regulation(75) and properties of myofibrillar proteirf294-297). Patients
with acute decompensated or severe Hii€norequire inotropic therapies to maintain
systemic blood pressure. These patients have reduced contractility reserve because those
signaling cascades that increase contractility are blunted (PKA) and because those that
decrease inotropyP(K Q Hre enhaced. Classical (+) inotropic agents, including cardiac
glycosides anthi adrenergic agonists, have been employed to enhance contractility in HF
(298). These agents increase cardiac function but, unfortunately, they easit@effects

that limit their usefulnes®99300). The most significant side effect is ventricular
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Figus. & RBX Reddicaest oHndc PVR and ISwprrioavie s
invasive hemodynamics were performdd.3gt ba
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increased 3Mo PMI +DOB but wdD.RAPDOW svhasf t e
increased at both time poin(&LYWYPedIO awagsr
significantilpyesedcesdoif n RBlKe at 3 MdATHhMI vs
LVVPes100 was significantly reduGE@ was 3 Mo
increased significantly by DOB and RBX at

the EDV w{HWNhRB2®dce,t one of two deter minar
significantly increased.The v &BXme/ si nt3avroc eF
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(open bar si)Bo= RofHRseed ynrefpBoss t i Mdg,r ey) = dobut e
anfiRBXE(yel I20m8/ kg/ mi n. ruboxi staurin.

arrhythmias that can cause sudden d€a#b). Other negative effects result from the
induced C&* overload, which can promote myocyte death and this contributes to HF
progression. There is a need for the development of novel inotropic therapies that can
produce either acute or chronic increases in cardiac contraction without inducing
arrhythmiasor cell deathThe rationale for PKOantagonist therapy is that it would relieve

the negative influences of PKctivity on contractility without enhancing stimulation of

the dysfunctionabi adrenergic signaling cascade.

Dobutamine (DOB) Effects on Veitular Contractility are Reduced in the Swine

Myocardial Infarction Model

IR/MI in the swine causes profound cardiac remodeling, with scar formation,
ventricular dilation and reduction cardiac contractility. Reduced effects of sympathetic
agonists in thediling heart are well describ€801) and results from persistent sympathetic
input to the heart as HF develops and progresses. The molecular bases of b&éduced

adrenergic responsiveness include receptor desensitifd@@rand internalization, as
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Table 5.0 RBX Electrocardiogram Measurements

3Mo + \ CON+
Baseline 1Mot 2Mo¥ 3Mot RBX * i CON  RBX*
(n=12) (n=12) (n=12) (n=12) (n=12) 1 (n=3) (n=3)
Post MI \
Heart Rate (bpm) i
Mean + SEM 110+6.1 | 114+54 10778 101+6.1 | 131+6.8* | ; 104+132 109+1.5
PR Interval (ms) i
Mean = SEM 104 =41 | 112+3.3 11542 114=3.1 | 105+£3.3% ! 11975 10658
ORS (ms) :
mean = SEM 55+0.7 56 1.6 6012 61+12° 62+09 i 57+£24 54725
QTc (ms) :
Mean + SEM 391116 | 414+83 437+16.0 432+10.0 | 441 +11.0 i 431 £10.6 428+7.0

T- P-values were calculated using the sign rank test with a Bonferroni multiple comparisons corrections for the MI
group for comparisons between baseline and each of the three post-MI time points (1. 2, and 3 months post MI).

* - Indicates that no multiple comparison corrections were made to the p-values for comparisons between 12 wks
post-MI + RBX and 12 wks post-MI or Con (control animals) and CON + RBX.

P-values =*p <0.05;°p <0.01

well as changes in PKA target protein phosphorylation. Our swine model has eargSeat
of blunted adrenergic responsiveness as evidenced by reduced DOB effects on contractility
as compar e dadtemergib @spenses.ne D

Ruboxistaurin Increases Cardiac Contractility in a HFrEF Model

The effects of RBX on cardiac function were meaduin normal age matched
controls and in animals 3 months after Ml. RBX had no significant effects on cardiac
function in normal animals suggesting that
consistent with results in rodent models and pati€@#&1,303). In the presence of early
structural and functional abnormalities observed in HF (i.e. werhdri dilation, dampened
bi adrenergic responsiveness), RBX was effective at producing increases in cardiac
contractility by a leftward shift in the ESPVR and reduced LVVPes100 in our pig model
of HFr EF. These resul ts ar activiyanocreases in&ht wi t
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heart and this contributes to the depresse
antagonism, consistent with related studies in rodents and large a(ih@375278
280).

Ruboxistaurin Causes Reductions in Filling Volumes

Left venticular end diastolic volume increased with time after MI, as determined
with both ECHO (LVEDV) and invasive hemodynamicg§Mneasurements and consistent
with other models of dilated cardiomyopathy secondary to isch@@®. DOB did not
significantly reduce eridl i ast ol i ¢ vol ume at RBXcauseamont hs
significant reduction in LV filling volume and caused a leftward shift of the EDPMRein
same MI animals in which DOB had little effect on these parameters. The reduction in
EDV and the increased contractility caused by RBX would be expected to reduce the
energetic demands of the HFrEF heart.

RBX effects are similar to those caused bydtac glycosides, like digitalis (DIG),
in HFrEF patientg305. DIG has been studied for its + inotropic effects for over two
centurieg306). DIG causes a reduction in heart size adext by improved EF307) and
increased contractility via inhibition in the sodiUpotassiumATPase and subsequent
increase in cytosolic g and in spite of some limitations it is still in clinical US98).

The bases of the RBXnhduced reduction in EDV are not clear and need to be studied
further. We did not observe any arrhythmogenic effects of RBX, suggesting it may be a +
inotrope without significant pi@rrhythmogenic characteristics. These data are
corroborated with some 17 clinical trials previously performed by Eli (2182309310,

in patients who were diabetic and more likely to hamderlying cardiovascular disease
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but did not suffer an adverse cardiac event like arrhythmias, although arrhythmia or sudden

death was not reported in any of these trials.
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Ruboxistaurin I nhibits i PKCUWi It hibiubi tRPiKoAn Moefc

adrenergic Agonism

PKCU is activated through diacylglycero
and C&" binding(311-313. Phosphor | ati on site (T638) influen
phosphatases and reduced T638 phosphoryl
(314. In the presence of RBXve observed a reduction in T638 phosphorylation,
consistent with our idea that PKCU inhibit
MI hearts. We also determined that RBX effects were not related to changes in the
phosphorylation of PLN, a nodedgulator of SERCA activity, and a direct downstream
target of PKA. Therefore, RBX appears to have inotropic effects that are independent of
PKA signaling cascades.

Limitations

This study investigatethe use of a novel positive inotropic agent in teata
setting 3 maths after M. The model, at the time of therapeutic intervention, has
developed structural and functional deficits that are observed in patients who suffer from
HF. However, the symptoms are just beginning to manifest themselves atrnsaahy
time point post MI. It is possible that if we had prolonged the study time, that in fact, the
animals would have had further disease development and burden. Also, this model does
not take into account the comorbidities that are associatddH# (i.e. hypertension,
metaolic syndromes, renal dysfunction, etc.). Future studies that have the addition of
cofactors which drive disease progression and disease burden may kieansiational

Mechanistic insights are always more limited in largenah studies, but we have done
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enough here to conclude that PKC may indeed to a negative regulator of contractility
during disease progression and that inhibition leads to improve cardiac structure and
functional reserve as compared to a classical inoff@dpautamine).
Summary and Conclusions

Our results demonstrate that RBX increases cardiac function in an IR/MI model of
HFrEF. RBX had no inotropic or EDVhodifying effects in normal swine, consistevith
our finding that PKCU activity is | ower i
progression. Ot hers have found that PKCU
burden(271,315). Therefore, + inotropic effects of RBX should increase with disease
severity. This stands in contrast with inotropic agents that rely on activation of PKA
signaling The disruption in PKA signaling increases with disease severity so that inotropic
responsiveness to agents like DOB are reduced in proportion to di3@3882). Our new
results suggest that RBX might be an effecinotropic therapeutic in severe HF, when

PKA signaling is significantly depressed a
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CHAPTER 6
CORTICAL BONE STEM C ELL THERAPY PRESERVE S CARDIAC
STRUCTURE AND FUNCTION AFTER MYOCARDIAL INFARCTION: A
BLINDE D, RANDOMIZED, PLACE BOi CONTROLLED PRECLINIC AL STUDY
Abstract
Cortical bone stem cells (CBSCs) have shown the ability to be ¢prdiective in
a murine model of ischemic heart disease. Furthermore, we have established the
similarities and differences @BSCs to more well investigated cell therapies. To more
accurately model clinical applications for ACS, this study tested whether transendocardial
injection of allogeneic CBSCs was safe, efficacious, and could augment pathology
remodeling and improve casad function in a swine model. Gottingen swine were subject
to 90 minutes of ischemia, followed by reperfusion. Immediately post myocardial
infarction (MlI), animals were randomized, in a blinded fashion, 1:1 to receive CBSCs (n =
9) (2x10 cells total)or placebo (vehicle, n = 9) through 10 transendocardial injections.
Cohorts were studied for up to 72hrs (n=8) or 3 months (n=10) post MI. At 72hrs, survival,
initial injury and cell retention were assessed. Cardiac structure and function was evaluated
by serial echocardiography, and terminal invasive hemodynamics, along with a
dobutamine stress response performed at 3
injury size was similar £+ CBSCs. There was cell retention and proliferation at 72hrs post
MI utilizing the NOGA® transendocardial injectibmapping system. There was reduced
left ventricular (LV) enddiastolic/T systolic volumes and preserved ejection fraction in

CBSQ'treated animals. Invasive hemodynamics confirmed our echo firidiwg
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preerved cardiac volumes and increase in contractile response in the presences of a
dobutamine stress vs. vehideeated animals. CBSC treatment significantly preserved
wall thickness, reduced scar size (16.15 + 1.85% [Vehicle] vs. 8.5 £ 2.2% [CBSCs]) and
decreased the hypertrophic ritreatecdbamisi@dsalgada 3 m
exhibited an increase in total proliferating Edidyocytes. The safety and efficacy of
transendocardial injection of allogeneic CBSCs was confirmed in a model of acute
ischemic heart disease. CBSCs preserve cardiac structure and altered the progression of
pathological remodeling leading tomproved LV functional reserve. CBSCs
administration has the potential to translate as a novel stem cell therapy for post Ml
remodelirg, which, despite standard of care, classically progresses towards heart failure
with reduced ejection fraction (HFrEF).
Introduction

Ischemic heart disease (IHD) is the greatest single cause of mortality worldwide,
accounting for ~ 7 million deaths annlya|15). IHD is caused by coronary artery disease
(CAD) that frequently results in myocardial infarction (MI). MI causes the death of
myocardial tissue, evewhen blood flow is restored (ischemia followed by reperfusion
[I/R]), resulting in a reduction in the number of cardiac myocytes. While mortality,
following MI, has improved dramatically in the era of prompt reperfusion th€@is),
the infarcted tissue is largely replaced by scar and the resultant cardiac struadural a
functional remodeling causes progressive declines in cardiac pump fufi@®that can
lead to heart failure (HF). Novel therapeutic strategies that reduce pathological post Ml

structural and functional remodeling, and thereby prevent HF development are needed.
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STUDY 1 STUDY I
4 IR
Baseline Echocardiography & Baseline Echocardiography, Invasive Hemodynamics
NOGA Mapping & NOGA Mapping

Baseline Serum Collection

Occlude first diagonal branch of the LAD for 90 minutes, followed by reperfusion.

Post- Myocardial Infarction NOGA mapping, 1hr/ 2hr/ 4hr Post-reperfusion Serum
Collection

Therapy

90 min PostMI NOGA guided Intramyocardial injections
(10 injections — CBSCs [2 x 10%ells] or Vehicle 0.6ml 0.9% Saline)
1:1 Ratio in a Randomized, Blinded, Placebo Controlled Study

__.——'—_'_.—_.___ _——-__‘_‘——-—__
Vehicle (n=4) / CBSCs (n=4) Vehicle (n=5) / CBSCs (n=5)
I I
EdU Mini-pump Implantation EdU Mini-pump Implant
& Recovery &Recovery
|
Day 3 Terminal Study & Tissue
Post-MI Harvest
Week 1 ..
Post-MI EdU Mini-pump Removal
I
1 Month .
Post-MI Echocardiography
2
2 Months Echocardiography

Echocardiography & Invasive
3 Months Hemodynamics
Post-MI

Terminal Study & Tissue
Harvest

Figure 17.0 CBSC Study Timelne Protocol used to perform baseline assessment, induce
acute myocardial infarction, therapeutic delivery, EdU minipump implantation and
explant, and functionally measurements to define the progression of pathological
remodeling.
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A variety of cell therajgs have been studied with the goal to enhance
vascularization of the ischemic heglr84,160,317) and/or to replace lost cardiac myocytes
(213215216318). Most of these studies have shown small improvements in cardiac
structure and function and a few have shown evidence for myogefid€819).
However, effects observed to date have been modest and there is a need for novel cell
therapies with a wédlbdocumented abtly to reduce adverse post Ml remodeling. In
addition, issues including cell safety, dosing, time and route of delivery, in our view, still
have not been adequately defined.

Studies in rodent models, utilizing different cell types and multiple delivery
techniques, have overwhelmingly suggested that cell therapy can attenuate post M
remodeling(106179320. However, studies in preclinical large animal models and early
phase | and Il clinical trial§102103107,163177,197,212319321,322) have genealy
shown more modest effects. Importantly, early stage clinical trials have demonstrated the
safety of cell therapy in post Ml patier{i€7,177,323324) or in patients with established
cardiac diseas@03203325.

We have identified a novel stem cell population, isolated from cortical bone, and
have iown that these cells have caiidpootective features, both vitro (188) andin vivo
(189. Cortical bone stem cells (CBSCs) were found to be distinct from chdeiaced
stem cells (CDCs) and mesenchymal stem cells (MSCs), and theygosaeacteristics
that account for theiin vivo cardid protective feature§l88. CBSCs improved post Ml

survival, redged scar size, reduced ventricular dilation and improved cardiac function
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when transplanted into the MI border zone of a mouse n{d88), and their effects were
superior to those of CDCs, batii vitro andini vivo (188189).

Theobjective of the present study was to determine if injection of CBSCs, into the
border zone, in a large animal model (swine) of an I/R induced MI reduces post Ml
structural and functional remodeling and prevents the development of heart failure. The
studyexamined if CBSCs reduced initial cardiac injury (cardioprotection), survived in the
MI border zone after transendocardial delivery, and if they reduced post Ml structural and
functional remodeling to improve cardiac pump function. These studies usedcps
that could be implemented in patients who have suffered an Ml and have undergone

reperfusion therapy.

Table 6.0 Acute (72hr) Delivery Study Demographics

Vehicle CBSC
Mean + SEM Mean + SEM
N 4 4
Age (months) 7.2 +0.06 8+0.41
Sex F F
Body Weight (kg) 18.83+2.21 22.74 +1.85
Total Cells (millions) 20 20
Performed Injections 10 10
Observed 5.6+ 0.33 55+0.5

Percentage (%) 60 60
Heart Weight (g) 101.53+£6.5 119.48 + 7.3
HW/BW Ratio 55+0.5 5.3+£0.25

BW - body weight, HW - heart weight
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Methods and Materials

Study Approval and General Methods

All animal procedures were approved by Temple University Institutidnahal
Care and Use Committee. A full description of all methods can be found in the Online
Appendix.

Experiments were performed in female Gottingen swine, as previously described
with modificationg202260). Eighteen animals underwent percutaneous acute myocardial
infarction (MI) by balloon angioplasty occlusion of the left anterior descending (LAD)
cororary artery for 90 minutes followed by confirmed reperfusion. Animals were
randomized (1:1 ratio), in a blinded fashion, to receive transendocardial injections of either
vehicle (VEH) or CBSCs (20 X f@otal, in 10 injections). The study timeline andiaer
measurements is shownFigure19.

Assessment and Study Hmaints

Study demographics and pobstortem pathological weight ratios can be found in
Table6.0& 7.0. Serum was collected to quantify circulating cardiac troponin I (cTnl) as
a marker dcardiac injury. Safety endpoints were assessed over the first 72 houiis and 3
months (Mo) time points, including survival, body weight and serial cardiac rhythm
monitoring during post Ml £+ CBSC ECHO. Swine were subject to serial transthoracic
echocardigraphy (ECHO) at baseline (jidl), 72hr, I, 2i and 3 Mo post M.
Volumetric measurements (i.e. LVEDV, LVESV and LVEF) were calculated and speckle
tracking strainanalysis wasperformed in longitudinal and radial axis. Invasive

hemodynamics were perfoed at baseline and Blo post Ml £+ CBSCs + DOB. These
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Table 7.0 Three Month Study Demographics

Vehicle CBSC
Mean + SEM Mean + SEM
N 5 5
Age (months) 8.2+0.2 7.7+0.12
Sex F F
Body Weight (kg)
Baseline 16 +3.16 13.9+0.38
1 Month 21.88+ 2.47* 18.6 £ 0.58*
2 Month  25.6 + 3.35* 21.35 + 0.20*
3 Month 26.9+1.47* 24 + 0.8*
Total Cells (millions) 20 20
Performed Injections 10 10
Observed 5.3+0.46 5.3+0.33
Percentage (%) 50 50
Heart Weight (g) 125.34£9.9 119.18 £ 2.8
HW/BW Ratio 4.67 +0.33 5.0+ 0.26
Lung Weight (Q) 136.52 £ 7.9 142.56 = 9.6
LW/BW Ratio 5.07 £ 0.09 6.0+ 0.6
Wet Lung Weight (g) 2.42 +0.22 2.28+0.14
Dry Lung Weight (g) 0.42 +£0.02 0.4+£0.03
Wet/Dry Ratio 5.75+£0.35 576 £ 0.2
Liver Weight (Q) 530 + 36.6 485.62 + 36.6
Kidney Weight (g)
Right 57918 55+54
Left 575x15 58.8+£4.5

p-value [*] X).05 vs. baselineBW - body weight, HW - heart

weight, LW - lung weight
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functional assessments evaluated global left ventricle structure and cardiac function. Upon
euthanasia, gross and morphometric analysis were performed for initial injury at 72hrs via
tetrazolium cloride metabolism (TTC(268 and scar size at®ons 6 p o s theawt, . Th
lungs, liver, spleen and kidneys of each animal in thléldh cohort were explanted,
weighed Table 7.) and assessed for any neoplasigsue; frozen and formalin fixed
samples were collected for further analysis.
Results

All eighteen MI animals (3day and 3Mon studies) survived the entirety of their
respective studies. There was no significant difference in body weight at basdlimnegr
follow up (Online Tables.0& 7.0). ECGs (Figuré.0) and circulating cardiac troponin |
(cTnl; upon reperfusion) (Figuréd2) was measured to confirm MI induction and define
initial injury. All animals were in sinus rhythm prior to balloon ocabag Figure5A), and
showed characteristic ECG changes (ST segment alterations) after ischemia induction
(Figure B & C). Most animals fibrillated (61%) and were successfully defibrillated (see
methods). No antiarrhythmic agents were required after amirefrned to sinus rhythm
(Figure £C).

Acute Study (72hrs)

Initial Injury, Safety and Efficacy of Delivery, and Cell Retention

Circulating cTnl was elevated at 2hrs post Ml in all animals (Figua),2
confirming Ml induced myocardial necrosis. Nifferences in 2hr circulating cTnl levels
between treatment groups was observed in either short (3 days) or long term (3 Mo)

cohorts, showing that the initial IR injury was similar in ViEehd CBSCtreated
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Figure 180 Initial Injury Assessment Hematol@ical, structural, and histological
assessment of initial injury was performed at 72hrs post IR(¥I) Circulating cardiac
troponin | (cTnl) was analyzed at 2hrs post reperfusion in all animals (n SB8)The
mean circulating cTnl at 2hrs post refjpsion between treatment groug€:.) The change

in left ventricular ejection fraction (LVEF) in each treatment group at 72hrs post IR/MI.
(D. & E.) Representative images of midyocardial crogssections stained for TTC (VEH
and CBSC, respectively). c8le Bar = 10mm(F.) The mean TT&EC tissue (non .
metabolically active tissue) as a percentage of total ventricular area.if**ag ue O O.
vs. baseline.

animals (Figure @B). Transthoracic ECHO was performed to assess structural and
functional changgat 72hrs post IR/MI + CBSCs. LVEDV and LVESV were increased in

all animals (not shown) and EF was reduced. There were no differences in volumetric
ECHGO derived parameters between treatment groups (Figd@). 2 However, when
assessing ECHO speckteacing strain (Online Figure 1), we observed a significant
preservation of the longitudinal strain in CBS@&. VEH treated animals (14.52 + 0.8%
[CBSC] vs. 8.7 £ 1.13% [VEH]) and a preservation in radial strain as compared to baseline

(Online Figure 2H & I).
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Figure 19.0 CBSCs Preserve Longitudinal Strain Acutely by Echocardiographic
Specklé tracking Based Strain Analysisin the 72hr cohort, ECHO was performed at
baseline and during terminal procedures. 2D parasterndldgisgB mode images were
acquired. Longitudinal and radiatrain wasassessed ia n i nadB8Gs. A schematic

of how longitudinal and radial strain are assesse@ipdiastole andB.) systole with
equations for botl{C.) longitudinal and radial strain(D. & E.) Representate wave
tracing (through systole and diastole) of the longitudinal and radial strain. Note the
preservation of strain within the CBSBtteated animal (right set of panels) and the
deterioration with VEH treatment (left panels) (white arrowheads). Thervamplitude

in midi systole(F.) shows the direction and magnitude of the spétideking points from

the endocardial surface at baseline and 72hrs post Ml + CBJ8s) The mean
longitudinal strain was significantly preserved at 72hrs post Ml + CBSOQ#éBH. While

(1) the radial strain was not significantly different from baseline with CBSC treatment. L
T longitudinal diastole, Li longitudinal systole, Ri radial diastole, R radial systole, A

T apex, Li lateral wall and $ septal wall, PMI post MI.

Cros$ sections of cardiac tissue from explanted hearts were treated with
triphenyltetrazolium chloride (TTC), to differentiate metabolically active from necrotic
tissue (Figure @ & E). There were no differences in TTC negative tissue ats/iabst
MI + CBSCs (28.1 + 6.13% [VEH] vs. 27.1 + 3.73% [CBSC], FiguE)2 These results
clearly show that the extent of myocardial damage caused by I/R in \@B#i CBSC
treated animals was not different. These results also show that CBSC treatrdent use
these experiments after IR/MI did not cause acute dgsditection, to reduce the initial
infarct size.

A NOGA® mapping system was used to assess electrical conductance within the
heart and determine the interface (border zone) between viable andafbmtissue. The
system was also used to guide cathdétased transendocardial injections (Online Figure
7C). Injection sites were observed in explanted hearts with gross visualization of
fluorescent microspheres within the myocardium in all eightgemals in the 72hr and

3Mon cohorts (Online FiguréD). Between 5060% of the injection sites were found at
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the epi or endd cardial surfaces in 72hrs and 3Mon post Ml studies (Online a0

7.0). Transendocardial injections induced occasiondergricular contractions (PVC),

but no sustained ventricular arrhythmias were observed during delivery or during the
follow up £ CBSCs. The viability of the CBSCs after passing through the MYOSTAR®

injection catheter was confirmed in every experimentyi&g2).

A. Pre— injection CBSCs

SN 0 [ Ak
-.,J&é(;-. -

G e A

Figure 20.0 Confirmation of CBSC Viability Post Catheter Injection

(A.)) CBSGs were labeled with a GFP lenti virus prior to injectiof8.) Representative
images of CBSCs after passing through the MYOSTAR ® injection catheter, the CBSCs
survive and thrive post catheter.
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Figure 21.0 CBSC Retention and Proliferation GFP/Yi chromosome&CBSC retention
was assessed by immunofluorescence and PCR at 72hrs post IR/MI {(&34Eonfocal
image (10X) of a transendocardial injection site wititPGEBSCs (B.) Confocal image
(40X) from injection site with GFPEdU" CBSCs from image (A).(B1.1B4.) Single
channel s br eakdo wnisafconeme actir) XdU, G cgaedsDARI, U
respectively) (arrowheads identify GFBdU' cells). (.7 3.) Zoomed confocal images
from the 40X image (B) of representative GERIU" CBSCs (arrows). (C.i E.)
Represerdtive confocal images (40X) of GHEQU* CBSCs from animalsia. GFP
(green), RacWi or ddvh, t 8) and DAPI (F]Y PCRue) .
products run on 1.5%garosegel from VEH and CBSC injection sites. BL = blank,iF (
Control) = female bart, M (+ Control) = male heart, ML = molecular weight ladder.
Product size ~ 300bp.

Tissue from validated injection sites was processed for either molecular or
histological analysis. A dual CBSC labeling strategy (GFP anidhgsrmatch) was used
to identify the CBSCs (Figur&3) and both approaches have been used previously
(143190259). Injection sites from all (8)i%lay post MI animals were immuinstained
f or GF PisarcBnketit,actitand DAPI. GFEBSCs were identified in all animals
at 72hrs post Ml (Figurd3A i E). Interestingly, the majdyi of GFP CBSCs were EdU
showing that the cells were alive and proliferative (FigBiel, 2, & i 3). PCR analysis
of tissue from injection sites confirmed the presence of theifomosome in CBSC
treated animals (Figur28F). These studies show tl2BSCs injected into the MI border
zone survive and proliferate within the injured tissue, but do not prevent the necrotic injury

that is characteristic of IR/MR49).

CBSC Treatment Increases Cell Proliferation

EdU was infused into VEHand CBSC treated animals (n=4, each) the first 3
days after Ml to identify cells with newly formed DNA (Figu?d). We imaged and

guantified the number of Edldells at 72hrs post Ml £ CBSCs. Confocal images from the
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IZ, BDZ, RZ and sBDZ of all animals were examined (Fige4&1i A4 [VEH] & B1i
B4[CBSC]) and EdUcells were identified and quantified using Naquaif&s), a novel
semi auomated quantification software. We calculated the total number of nuclei (DAPI
[all cells]), EAU'DAPI* cells (total EAU cells), Actirf/DAPI* (total myocytes) and
EdU"/Actin”/DAPI* cells (EdU myocytes) (Figur&5A i D) in each tissue section. A
largenumber of EdU cells were observed 3 days after Ml + CBSCs, and the GBBCs
were largely EdU. The majority of these EdUcells were nohmyocytes (Figure24
[arrowheads]). There was a significaiifd@d increase in the percentage of Edtliclei
(Figure 24A & B [arrowheads]) in CBSCvs. VEH treated heart in the BDZ (Figure
24C2), with nonsignificant increases in all other regions (Figd@l, C3 & C4). A few
EdU" cardiac myocytes were identified in every heart (Figia4 and 4B2 [arrows]).
None d these were GFP so they were not derived from injected CBSCs. There was no
significant difference in the percentage of Edtdyocytes in CBSCT vs. VEH treated
hearts in the 1Z, BDZ and sBDZ (FigupdD1i D4). Most EdU myocytes were found at

or near théorder of the infarcted regions.

Longi term Study (3 Monsj)

Preservation of LV Structure and Function

Ten animals (VEH [n=5] and CBSC [n=bfreated) were studied for 3Mons after
IR/MI. Time dependent changes in cardiac structure and function wetawith
ECHO and invasive hemodynamic measurements; which were performed before IR/MI
and were repeated during terminal studies. ECHO measurements documented increases in

LVEDV and LVESV in both treatment groups vs. baseline. However, CB&&ed
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Figure 22.0 CBSCs Induce an Increase in Proliferative Nonmyocytes in the M
Border Zone EdU' cells were imaged and quantified at 72hrs post MANVEHi and

(B) CBSQ'treated hearfAl. 1 A4.) Representative confocal images (20X) from the four
distinct regions of the myocardium post IR/MI + VEBL.1 B4.) Representative confocal
images (20X) from the four distinct regions of the myocardium post IR/MI + CBSCs. 40X
representative confocal imagéastrateEdU" myocytes and namyocytes from hearts +
CBSCs. E dilcti (ged) @arel DAP) (bllg). Arrows = myocytes, arrowheads =
noimyocytes. 20X scale bars = 200¢gm, 40 X
breakdown scal (€1 b@4) Quantifica?idn sofirtotal EAU cells as a
percentageof total DAPI in each region. (D1. i DA4.) Quantification of total
EdU*Actin"DAPI* cells as a percentage of total ACBAPI" (myocyte) in each region.
*)pivalue O 0.05 vs. VEH.
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Figure 23.0 CBSCsincrease EdU Cells at 72hrs Post IR/MI Total quantification of

(A.) nuclei (DAPI), (B.) Myocytes (ActifDAPIY), (C.) EdU* cells (EdUDAPI*) and(D.)

EdU" myocytes (EdUActin"DAPI*) were calculated. There wasid@d increase in the
number of EdU cells (C.) and myocytes (D.). The number of Edbyocytes as a
percentage of the total number of Ediglls(E.i H.) was calculated per anatomical region

at 72hrs post MI. Between 0.001.004% of all EdU cells were myocytes at 72hrs post

MI + CBSCs. BZi border zone, I4 infarct zone and RZ remote zoe. pv al ue [ * ]
0.05 vs. VEH.

111



hearts showed significantly less progressive LV chamber dilation as compared to VEH
treated hearts. At 3 Mons O potredted &imals t he L
were significantly smaller than in VEkeated amals (Figur&26A & B) (LVEDV 1 [53.0

+3.0mlvs. 43+ 25 ml]; LVESV [38.6 + 3.4 mlvs. 220+ 2.4 mfj O ).OLVEF5

was reduced in both groups by about 10% at 1Mon post M| (FRfige Over the next

2Mon LVEF fell in the VEH treated animals whilEF remained stable in CB$eated

animals. LVEF was significantly greater in CBS&. VEH t r eat ed ani mal s a
post MI (Figure26C). These studies show that CBSC therapy reduces the progression of
cardiac structural remodeling in the three merdfier Ml.

CBSCs Reduce Hemodynamic Deterioration and Preserve Contractile Reserve

LY

Differences in ventricular dilation at 2
were confirmed in terminal studies using invasive hemodynamic methods (Efyuiehe
PV loops (Figure27A) and enddiastolic pressuierzolume relationship (EDPVR) (Figure
2B) , at spontaneous heart rates, were shif
post Ml in the VEH treated animals. This rightward shift of the PV relationshtpsndl
diastole confirms ventricular dilation. Significantly smaller changes in these parameters
were found in the CBSGreated animals (Figui&/D & 6E). There was significantly less
rightward shift in the EDPVR in CBSC vs. VEHreated animals at 3Mods p o st MI
(Figure27H). These results confirm that CBSC treatment reduces progressive ventricular
dilation and preserves LVEF as compared with VEH treatment (FR}@e& H, Table
8.0). The volumes at dP/dt max. & min. where not significantly increastt: iCBSC

treated animals, further documenting preservation of
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Figure 24.0 CBSCsReduce Left Ventricular Structural Remodeling and Preserve
Function Post IR/MI Serial transthoracic echocardiography was performed. Volumetric
measurements were assesg®g Left ventricular enddiastolic (LVEDV) and(B.) left
ventricular enésystolic volumes (LVESV).(C.) Assessment of left ventricular ejection
fraction (LVEF). pv al ue [ *] O 0.05, [ **] O 0.01 and
group, [ #] H GOHMAs56 vpso.s tVEMI

cardiac chamber size in CBBi@eated animals (Tab&0). Consistent with previous work

(192 diastolic function was decreased post MI. The isovolumic relaxation time constant
(U) was prolonged and the mini mal rate of
vs.baseline, while these measurements were not significantly different with CBSCs (Table
8.0).

The rightward shift in the PV loop in VEHreated animals is consistent with a
decrease in cardiac systolic function (Figai®€). The ESPVR, an indicator of $gkc
performance, is determined by two parameters: thesystblic elastance (Ees) (i.e. slope)
and the volume intercept §// Changes in both determinants are considered to determine
changes in cardiac systolic function (i.e. contractili3f6326). The ESPVR was shifted
rightward to a greater extent in VEHs. CBSGtreated animals after MI (Figuiz/l).

The systolic elastance (Ees) was reduced in both CB8@E VEH treated animals (5.63

+0.40t04.35+£0.41 [CBSC] and 5.04 £ 0.39 t0 3.78 £ 0.47 [VEH]). The volume intercept

(Vo) was significantly increased only in the VEirfeateda n i mws.l 6 s
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Figure 25.0 CBSCs Reduce Left Ventricular Dilation and Preserve Cardiac
FunctionalReservel nvasi ve hemodynamics were perform
MI + CBSCs + DOB. (A.) Representative pressure volume (PV) loops at baseline and

3MO post Ml in VEHi treated animal(B. & C.) EDPVR and ESPVR is shifted rightward

3Mo post MI vs. preMl in VEHT treated animals (n=5). HiMel = open squares, 3MO

post MI = red squarefD.) Representative PV loops from a CBSf@ated animal at

baseline and 3MO @ MI. (E.) EDPVR remains unchanged while.) ESPVR is shifted

rightward 3Mo post Ml vs. pievll in CBSCi treated animals (n=5). Ridl = open circles,

3MO post MI = red circle$G.) Representative 3MO post Ml PV loops = CBSCs, the PV

loops is shifted rigtward in the VEH group(H.) EDPVR is significantly shifted rightward

in the VEH treated animals vs. CBSC treatment wkiil shows no significant change in

ESPVR between groups 3MO post Mll.) Representative PV loops during dobutamine
(DOB)challeng (2. 5e¢g9g/ kg/ min.) 3MO post MI N CBS(
CBSC + DOB = grey circlegK.) No significant difference in the EDPVR between groups

+ DOB while(L.) demonstrates a significant difference in the ESPVR, indicating preserved
contractile eserve in the CBSC group.

baseline (Tabl&.0). These studies document a reduction of cardiac function in all Ml
animals, regardless of treatment, with better preservation of cardiac contractile properties
in CBSA treated animals.

Reduced inotropiceserve is a characteristic feature of the failing h@it To
explore the idea that CBSC treatment improves post Ml contraetderve, cardiac
hemodynamics were measured in VE&hd CBSCtreated MI animals before and after
dobutamine (DOB) (Figurg7Ji 1). DOB (2.5ug/kg/min.) caused a shift in the EDPVR
to baseline in CBSQreated but not in VEHreated animals (Figur27J & K). DOB
treatment, in the CBSC cohort, created a leftward shifted the ESPVR beyond baseline
levels (Figure27l) and caused ai ®old increase in the Ees (4.35 = 0.41 [3Mo post MI +
CBSCs] to 8.09 = 0.71 [+ DOB]) and did not altesy (rable8.0). These chayes were
significantly greater than in DQBreated MI +VEH animals (Figur27Ji L, Table8.0).

DOB only caused a significant increase in Ees in CR®@ted
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Table 8.0 CBSC Invasive Hemodynamics

Pre-Ml 3MO Post Mi
Vehicle (n=5) CBSCs (n=5) Vehicle (n=5) CBSCs (n=5)
(-) dob.  (+) dob. (-) dob.  (+) dob.

HR (bpm)

Mean 94.02 74.31 94.97  106.41 92.16 102.8

+SEM 11.46 5.54 9.42 10.58 9.07 15.18
Ves (mL)

Mean 16.77 13.76 29 26 2317 2118  14.40%

+SEM 2.09 2.08 2.94 1.66 3.64 3.15
Ved (mL)

Mean 39.25 34.98 4971  43.92 4485 3814

+SEM 5.06 1.53 4.12 2.98 4.37 3.06
SV (mL)

Mean 23.90 22.96 2248  22.28 25.03  25.50

+SEM 3.20 1.03 2.20 1.67 1.83 1.78
EF (%)

Mean 64.95 66.21 4578  52.25 50.78  71.32

+SEM 2.07 4.21 4.04 1.40 5.55 5.85
dP/dt max (mmHg/s)

Mean 1626.20 1468.60  1180.88 2221.86 12174 2517.6

+SEM 133.89 80.98 84.45 380.30 26.95 95.57
dP/dt min (mmHg/s)

Mean -1829.40 -1688.60 -1450.6 -1328.12 -1529.04 -1601.48

+SEM 184.44 184.52 100.12  144.90 171.93  206.18
V@dP/dt max (mL)

Mean 37.30 35.01 4953 42.72 4320  36.47

+SEM 5.05 1.91 3.83 3.26 4.42 3.23
V@dP/dt min (mL)

Mean 16.81 14.05 29 27 22 79 2112 14.4%F

+SEM 1.99 2.16 2.98 1.55 3.50 3.00
Tau (ms)

Mean 40.29 43.14 53.27 48.48 47.16 44.40

+SEM 1.62 2.61 4.48 4.04 4.23 7.12
End-systolic Elastancelt es)

Mean 5.04 5.63 3.78 4.78 4.35 8.09°%

+SEM 0.39 0.40 0.47 0.30 0.41 0.71
Volume axis intercept (\)

Mean -1.67 -2.16 5.013 -0.80 2.00 1.62

+SEM 1.28 2.17 1.42 2.99 3.37 3.03
p-value O 0.05 [*] vs. baseline within gr

groups and [8] vs. post MI + DOB between groups. CO - cardiac output, EF - ejection fraction,
heart rate, Ped - Pressure end-diastole, Pes - pressure end-systole, SV - stroke volume, Ved
end-diastole, Ves - volume end-systole.
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animals (Table8.0). There was also a significant reduction in Ves and an increased EF
with CBSC treatment + DOB vs. VEH + DOB (Tal@®). Collectively these data show
that CBSC treatment preserves basal contractility and systolic functional reserve.

CBSC Treatment Reduces Scar Size, Inhibits Hypertrophic Remodeling and

Induces Myocyte Bitiferation

Heart weight and heart weight to body weight ratios were not different ini VEH

and CBSQ treated hearts. However, scar size was significantly smaller in CBSC
VEHit reat ed ani mals at 3 Mons6 pose8&Mh (8.5
addition, anterior wall thickness was significantly greater in CBS& VEH treated
animals (Figur@8A & B). Atthe cellular level, myocytecross e ct i onal 2area (C
was significantly smaller in CBIGss. VEH treated hearts (BDZ[ 56 5. 8 ?Ks. 2. 9 ¢ |
304 N IRZIi [ 4Mm0. 6 °Ns2. 2 76 m%P (FijureR8D X F) with a
rightward shift in the BDZ and RZ CSA histograms (FigB8& & G). These data show
that CBSGtreated hearts have greater muscle mass, less scar, and smaller cardiac
myocytes that in VEHreated IR/MI hearts.

EdU was infused into 3Mon VEHand GFPCBSQ treated animals (n=5,
each) for the first 7 days after Ml tdentify cells that incorporate EdU into their DNA
during this time period (Figur29). We imaged and quantified the number of Edélls
at 3Monsd post Ml N CBSCs. Conf ocal i mag e
animals were examined (Figu26A1i A4 [VEH] & B1i B4[CBSC]) and EdUcells were

identified and quantifie@69. We calculated the tdtaumber of nuclei (DAPI[all
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Figure 26.0 CBSCs Reduce Scar Size and Inhibit Pathological Hypertrophic
Remodeling Gross anatomy morphometric analysis for scar size and myocyté cross
sectional area (CSA) wa s(A. fB.yRepesantatide ggossMo n s 6
anatomy crogssections of midmyocardium + CBSCs. Scale bar = 10n{@) 2i fold

reduction in scar size with CBSC treatme(fid.) Average myocyte CSA in the border zone

(BDZ) and(E.) myocyte CSA distribution within group and represent@ad0X confocal

images of WGA staining.(F.) Average myocyte CSA in the remote zone (RZ) @&d

myocyte CSA distribution within group and representative 40X confocal images of WGA
staining. ScéaJveal bear[s*]= & 0&.m 5 ,pitfeatet grdup. O 0. C

118



cells]), EAU'DAPI* cells (total EdU cells), Actinf/DAPI* (total myocytes) and
EdU"/Actin”/DAPI* cells (EdU myocytes) (Figure80Ai D) in each tissue section. No
GFP cells were found in any 3Mon post MI hearts, suggesting that none of the injected
CBSCs were still present at this time point. The percentage of ldilei (Figure29A1i

A4 & B1liB4 [arrowheads]) was not different in CBS@s. VEH treated heart in any
region (Figure29C1i C4). However, EdU cardiac myocytes were easily identified in
every heart (Figur@9A1i A4 and B1 B4 [arrows]) (Figure31). None of these myocytes
were GFP, so they were not derived from injected CBSCs. The percentage ¢f EdU
myocytes was significantly greater in CBSC hearts in all regions adjoining the Ml and the
majority of the EdU myocytes were at or near the infarct BDZ (FigeB1i B4 [arrows]

& 8D17D4). The percentage of Edunyocytes was not significantly increased in the
areas of the heart that are remote from the infarct.

Discussion

The present study was designed to test the safety and efficacy of transendocardial

administration of CBSCsia randomized, blinded, placebo controlled preclinical swine
model of I/R induced MI. There were several major new findings. The studies performed
showed that transendocardial injection of allogeneic CBSC is safe both acutely and
chronically, giving noevidence of ectopic tissue formation or lethal arrhythmogenesis.
CBSC retention within injection sites was shown at 72hrs post IR/MI and most of these
CBSCs were EdY consistent with the idea that they were proliferative after injection.
CBSCs had noftect on IR/MIi induced myocyte necrosis or on initial infarct size.

However, CBSC treat ment reduced reactive
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