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GENERAL INTRODUCTION

Cardiovascular disease is still the leading cause of death worldwide, accounting for approximately
13 million deaths a year.! It is estimated that this number will double in the upcoming 15 years due
to aging of the population in combination with an increase of risk factors as hypertension, diabetes
mellitus, hypercholesterolemia and obesity. Approximately half of the cardiovascular deaths
are related to coronary artery diseases.! Ischemic heart failure (HF) is usually caused by an acute
myocardial infarction (AMI). An AMI develops when a coronary artery is occluded, whereupon the
myocardium is deprived of nutrients and oxygen, which results in apoptosis of the cardiomyocytes.
In the initial phase following an AMI, an inflammatory process occurs to clear the wound from death
cell debris and activate reparative pathways.? This process is followed by the formation of scar tissue.
The remaining viable myocardium has to take over the function of the damaged area and compensate
for the loss to maintain cardiac output. Eventually the viable myocardium will be unable to do so,
whereupon the ventricle dilates, pump function is reduced and the heart starts to fail (figure 1).3*

The current treatment strategy for an AMI, which consists of immediate revascularization in
combination with optimal pharmacological treatment, has resulted in improved survival, even of
severe cases. This increased survival comes at the cost of an increased prevalence of heart failure.
Therefore the search for new therapies to limit the damage of an AMI or reverse HF is ongoing. New
therapeutic strategies are continuously developed and investigated in preclinical and clinical settings.
Stem cell therapy is one the therapeutic strategies that has emerged in the field of clinical cardiology

in the past decade.

Ventricular remodeling after acute infarction

0

Initial infarct Expansion of infarct Global remodeling
(hours to days) (days to months)

Figure 1. Development of heart failure following an acute myocardial infarction

During and after an acute myocardial infarction (an apical infarction in this case) no clinically significant changes
are observed in overall ventricular geometry (left panel). Within hours to days, the area of myocardium affected
by the infarction begins to expand and becomes thinner (mid panel). Without treatment, during weeks to months
following AMI, global remodeling can occur, resulting in dilatation of the ventricle and decreased systolic function.
In some cases, this leads to mitral-valve dysfunction and the formation of an aneurysm (right panel)(Adapted from
Jessup et al, NEMJ, 2003).4
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First generation stem cells

A stem cell is an undifferentiated cell that has a multi-lineage potential. The interest in stem cell
therapy began more than a decade ago when researchers discovered that some types of stem cells
could transdifferentiate into cardiomyocytes in vitro and in vivo.® Thereby high hopes were set that
these cells could replace the damaged myocardium.

The first candidates for cell-based cardiac repair were skeletal myoblast (SkM), progenitor cells that
will become striated skeletal muscle. The initial results in a rodent model of HF were promising and
first-in-man clinical trials followed.®® After the first clinical trials, the enthusiasm faded.®*° The trials
revealed that cardiac function did not improve following intramyocardial SkM injections. Moreover,
SkM transplantation resulted in an higher incidence of ventricular arrhythmias (this thesis).®
Therefore, skeletal myoblasts were omitted in clinical trials for heart repair.

In parallel with SkM, bone marrow mononuclear cells (BMMNCs) emerged for the treatment of AMI
and post-AMI HF. BMMNC is the whole fraction of bone marrow derived stem cells that is obtained
following bone marrow puncture, making this an easy and fast source of stem cells. The bone marrow
mononuclear subset consists of hematopoietic progenitor cells, that give rise to red and white blood
cells and several other cell types, mesenchymal stem cells (MSC) and endothelial progenitor cells.*
The first clinical application was preceded by a pivotal mouse study that showed that BMMNC cells
could regenerate infarcted hearts by transdifferentiation into cardiomyocytes.® The first clinical trials
that investigated BMMNCs for the treatment of AMI have proven that intracoronary injection is safe
and also suggested therapeutic efficacy, whereupon many trials followed.**** To date, BMMNC therapy
improves left ventricular ejection fraction (LVEF) overall by only +2-3% (this thesis).’> Some trials
showed an improvement in cardiac function, while others failed to show any benefit what could be
related to the design differences between the clinical trials. Many questions regarding cell-based
AMI repair were unanswered when the first clinical trials were initiated, for example: the correct cell
number; the optimal time point for injection; the optimal method for stem cell isolation etcetera.
To date, many issues yet remain unanswered. The modest effects of BMMNC therapy raised the
question whether this cell type is optimal for heart repair. Moreover, preclinical trials and first-in-man
clinical trials were emerging with new cell types, like the autologous enriched cells (CD34+/CD133+),

autologous mesenchymal stem cells and cardiac derived cells that seem to have more potential.

How does stem cell therapy work?

The working mechanism of stem cell therapy depends on the underlying disease. Stem cell therapy
for the treatment of AMI is based on reducing the initial infarct damage and limit infarct size, whereas
treatment of HF is based on regenerating scar tissue, blood supply improvement and inhibition of
ventricular remodeling. This part only focuses on AMI patients since this is the main topic of this
thesis. In the initial phase of stem cell therapy, it was suggested that the first generation stem cells,
the BMMNCs, could transdifferentiate into cardiomyocytes, but this was found to be controversial.’®
Preclinical research followed that aimed to investigate the true mechanism of action of BMMNC and

other stem cells. Currently, it is believed that the effects of stem cell therapy in general are based on
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the release of paracrine factors by the cells. The release of paracrine factors is known to 1) reduce
apoptosis thereby reducing infarct scar size, 2) stimulate angiogenesis, 3) be immunomodulatory,
4) improve wound healing, 5) stimulate homing of endogenous stem cells (including cardiac stem
cells) to the site of injury.>'” It was found that BMMNCs released several paracrine factors, and newer
generations of stem cells emerged with a better expression profile for cardiac repair: the autologous
enriched cells (second generation). Although BMMNCs are still investigated in clinical trials to date,

newer, more potent stem cells are gradually taking over.

Mesenchymal (-like) stem cells

One of the cell types that emerged as potential candidate for heart repair is the mesenchymal stem cell
(MSC), that can be derived from a variety of tissues, including bone marrow, liver tissue and adipose
tissue.’®9 MSC are able to differentiate into cardiomyocytes in vitro and also in vivo, but their primary
mechanism of action is based on secretion of paracrine factors that are beneficial for cardiac repair
following AMI.?° Data from multiple preclinical studies suggest that the effect of BMMNC is related
to the MSC fraction.?*> MSC are only a small fraction within the bone marrow (0.001%-0.01%). This
indicates that transplantation of 10° BMMNC results in only 10%-10°cells MSC entering the coronary
system. MSC can be easily isolated following bone marrow puncture via plastic adherence, whereupon
they can be culture-expanded.®® Culturing of MSC is time consuming and can take up to 1-2 months.
The effects of cell therapy for AMI are based on the release of paracrine factors that enhance wound
remodeling, angiogenesis and reduce apoptosis in the acute phase, directly following AMI. Autologous
MSC derived from the bone marrow are therefore not suitable for application in AMI, but they might
be convenient for application in HF.

An advantage of MSC is their immunological status. MSC lack HLA-II and co-stimulatory factors, they
suppress innate immune cells and a T-cell mediated immune response.?** This makes them suitable for
allogeneic transplantation without the need for immune suppressive drugs. Allogeneic transplantation
has several advantages over autologous transplantation: 1) no painful, time-consuming harvesting
procedures are needed; 2) cells are directly available as an off-the-shelf product that can be directly
administered following an event; 3) cells are derived from a healthy donor. Clinical research using
allogeneic MSC is currently performed in larger preclinical studies and in clinical trials.

As stated above, MSC can be isolated from a variety of tissues. Adipose tissue contains mesenchymal-
like stem cells; the adipose tissue derived regenerative cells (ADRC), that, just like MSC, stimulate neo-
angiogenesis and cardiomyocyte survival both in vitro and in vivo by release of various angiotrophic,
anti-apoptotic and immunomodulatory factors.?** Sufficient numbers of ADRCs for transplantation
can be isolated out of 200 ml adipose tissue that can be obtained by liposuction that is performed
directly following AMI. No cell culturing processes are needed and the ADRCs are returned to the

patient within 24 hours after the event. ADRCs are currently investigated in clinical trials.
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Biomaterials

Besides the discussion on cell type, many other issues remain in the field of cell therapy. One major
issue of stem cell therapy is the retention of stem cells in the myocardium. As described above, the
effects of stem cells are related to the release of paracrine factors. When many cells are washed out
of the myocardium within hours to days, less paracrine factors are released into the myocardium. This
resultsin a decreased efficacy of the new therapy. Biomaterials are developed to improve cell retention.
The first biomaterials that were developed in cell therapy were cell sheets that consist of a (soluble)
biomaterial and a population of stem cells. Cell sheets were transplanted directly on the epicardial
site of the heart during bypass surgery.?® They are still used to date containing newer generations of
stem cells. Their application method makes them however unsuitable for the treatment of an AMI.
To improve cell retention of cells in the AMI population, but also in HF, MSC were encapsulated in a
highly biocompatible alginate biopolymer (CellBeads™). The idea of encapsulating cells derived from
the oncology field, where drug-eluting beads are used.?-* The hypothesis of the mechanism of action
of encapsulated MSC for cardiac repair is that following intracoronary infusion, the encapsulated MSC
will get stuck in the pre-capillary bed due to their size. Here they will locally release paracrine factors
that are produced by the MSC for a longer period of time. Moreover, the MSC inside the bead are

protected from a host immune response (figure 2). %

Genetically transformed
human mesenchymal
stromal cells (h-MSC)

* immortalized

* transduced to express GLP1

* TK suicide gene

Allows transport
of oxygen and
nutrients

Continuous
170 um secretion of paracrine factors

Protects from a host and therapeutic amounts
. of GLP-1
Immune response

Figure 2. Encapsulated Mesenchymal stem cell

The MSC (grey dots) are genetically modified to produce glucagon-like peptide-1 (GLP-1). The alginate
shell surrounding the MSC allows influx of oxygen and nutrients into the cells while protecting them
from a host immune response (adapted from Wallrapp et al, 2013)*

The encapsulated MSC are programmed to produce glucagon-like peptide-1 (GLP-1) that has known
cardioprotective capacities. In a preclinical trial and two clinical trials it has been shown that GLP-1
reduces infarct size, thereby improving cardiac function.3>32 To investigate the safety and feasibility
of GLP-1 eluting MSC a pilot study was conducted in the naive and infarcted porcine myocardium (this
thesis). The promising results of the pilot study have resulted in the design of a large dose finding
study investigating the long-term safety and feasibility of intracoronary infusion of GLP-1 eluting MSC

in a moderate and severe porcine AMI model (this thesis).
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Animal models

Before a new therapy can be tested in clinical trials, it has to be extensively explored in models that are
representative for the human situation. The infarct process, remodeling of the ventricle and thereby
the development of HF is a multifactorial complex process that cannot be mimicked by computer
models. Most first stage research that is implemented for safety and efficacy is performed in rodents,
mostly mice. Rodent studies can be performed quickly and without large variability (ea. same genetic
strain), but translational from results to the human situation is limited. The anatomy of the mouse
heart differs from the human heart, not only in size but also for example in heart rate and heart-to
body ratio which could influence study results. Another problem is application of new therapies, for
example stem cells, to the heart. Minimally invasive methods, like intracoronary infusion or endo-
ventricular injection are preferable in the clinical setting, but are not applicable in small-sized hearts.*
Moreover, translation from a large animal model to human is more convenient.

Therefore, animal models that are representative, relevant and reproducible for human AMI and HF
are crucial and need to be employed. The optimal animal model for cardiac diseases is the porcine
heart, because 1) heart-to-body ratio is comparable®; 2) they have a similar conduction system3*; 3)
the same coronary anatomy®+¢ and 4) a comparable metabolism.3”

There are several different ways to induce HF in a pig, knowing: 1) pressure overload via aortic banding;
2) volume overload by mitral regurgitation or arterial-venous shunt formation; 3) tachycardia-induced
cardiomyopathy; 4) myocardial ischemia.?*3%42

Myocardial ischemia can be divided into chronic myocardial ischemia, which is induced by permanent
ligation, a bottleneck stent model, infusion of ethanol or coronary artery coiling®-34*#4, or ischemia-
reperfusion, in which the target coronary artery is revascularized after a period of ischemia. HF
that develops following an AMI is best mimicked by an animal model of ischemia reperfusion, as
the cornerstone in AMI treatment is revascularization. Therefore, this model was applied and further

explored in several chapters in this thesis.

AIM AND OUTLINE OF THIS THESIS

As stated above, many questions and issues remain regarding cell-based cardiac repair. The aim of this
thesis was to solve some of these issues and investigate new types of cell therapy for the treatment of
AMI. This was executed via research in preclinical animal studies and clinical trials that were developed
based on the results of preclinical studies.

Part 1 of this thesis consists of a general introduction on cell-based cardiac repair. Chapter 2 gives
an overview of the different generations of stem cells that are investigated to date. This chapter
is followed by two meta-analyses in which the effects of stem cell therapy in general and BMMNC
therapy in particular for the treatment of an AMI and HF was investigated (Chapter 3 and 4).

Part 2 of the thesis is devoted to a new generation of stem cells, the ADRCs, that include mesenchymal-
like stem cells and endothelial progenitor cells. ADRCs are isolated from the patient’s adipose tissue in
the first couple of hours following AMI using specialized enzymes and devices. This isolation protocol is

described in chapter 5. The ADRCs were directly intracoronary infused into the target coronary artery
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after isolation. Chapter 6 describes the results of the APOLLO trial that consisted of 14 patients of
whom 10 patients were treated with ADRCs.

As described before, obtaining stem cells for the treatment of cardiovascular disease is a burden for
the patient who is already ill. Moreover, stem cell quality of an older patient with comorbidities is
less compared to that of a healthy 18 year old donor. Therefore, stem cells that could be given in an
allogeneic setting are currently investigated. MSC and their precursor cells (MPC) lack HLA-DR which
prevents a T-cell mediated immune response. This, in combination with their paracrine expression
profile, makes them suitable candidates for an off-the-shelf therapy. The safety and efficacy of
intracoronary infusion of allogeneic MPC was investigated in a sheep model of anterior wall infarction
as described in chapter 7. The sheep were subjected to an AMI where after they were randomized
to 3 dosages of MPC or placebo solution. This was infused 30 minutes after reperfusion into the
target vessel. The animals were sacrificed at 8 week follow-up and cardiac function was determined
by 2D-echocardiography and pressure-volume loop analysis. Histological analysis was performed
to investigate the mechanism of MPC-based repair. The promising results of this study resulted in
the design of the AMICI trial, a first-in-man randomized controlled trial in which 225 patients will be
subjected to intracoronary infusion of allogeneic MPC directly following revascularization (Chapter 8).
Part 3 of this thesis is dedicated to the encapsulated mesenchymal stem cells (CellBeads). Retention of
stem cells remains a hurdle in cell-based cardiac repair as described above. MSC were encapsulated to
overcome this issue. The safety and feasibility of encapsulated MSCin a porcine AMI model is described
in chapter 9. The efficacy of this novel product was investigated in large preclinical study. One-hundred
female pigs were subjected to an AMI followed by intracoronary infusion of encapsulated MSC or a
placebo solution. The pigs were sacrificed eight weeks after infarct induction and cardiac function was
assessed by echocardiography and PV-loop analysis (chapter 10)

Translation from bench to bedside is an important in preclinical research. Therefore relevant animal
models have to be developed, alongside accurate methods to assess outcome. Revascularization
is a cornerstone in patients with an AMI. The optimal animal model for the treatment of an AMI
or ischemic HF is an ischemia-reperfusion model. In Chapter 11 ischemia-reperfusion of the left
descending coronary artery (LAD) is compared to ischemia-reperfusion of the left circumflex artery
(LCx) to investigate the influence of infarct location on infarct size and cardiac function.

Several modalities can be used to assess cardiac function. Echocardiography is a widely used method
to assess cardiac function. Pressure-volume loop analysis is an invasive hemodynamic measurement in
which specialized catheters are placed into the left ventricle where they locally assess volumes, ejection
fraction and additional cardiac parameters. Chapter 12 describes a study in a porcine AMI-model that
compares 3D-echocardiography with 2 methods of pressure volume loop analysis, admittance and
conductance, to investigate superiority of one of these systems in assessing left ventricular ejection
fraction and volumes opposed to 3D echocardiography.

In chapter 13, all results described in this thesis are discussed as well a future prospectives regarding

cell-based cardiac repair. Finally, in chapter 14 this thesis will be summarized.
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INTRODUCTION

Stem cell therapy to heal scarred myocardium or abrogate adverse remodeling following acute
myocardial infarction (AMI) has raised high hopes over the past decades. As stem cells are by
definition multipotent cells, in theory they can differentiate into cardiomyocytes and replace scar
tissue. Moreover, many stem cell types were found to secrete high levels of cardioprotective proteins
and pro-angiogenic factors, thereby representing transplantable micro factories of anti-remodeling
and angiotrophic agents. To date, numerous preclinical and clinical efforts have attempted to meet the
high expectations with variable outcomes.

More than a decade ago, the first patients with ischemic heart failure were treated with stem cell
therapy, using intramyocardial injection of skeletal myoblasts (SkM).*? Briefly afterwards the first pilot
study was published, in which AMI patients were treated with intracoronary infusion of bone marrow-
derived mononuclear cells (BMMNC).>*

Initial optimism concerning the use of SkM in heart failure patients was toned down by issues of
possible pro-arrhythmogenicity of the cells, and disappointing results on efficacy in randomized
studies.>” Also, the regenerative capacity of bone marrow (BM)-derived cells in AMI patients has been
under debate, since the numerous trials that were performed to date show conflicting results. More
specifically, a recent meta-analysis evaluating >2,000 AMI patients, who received BM-derived cellular
therapy, showed a modest effect of only +2.14% on left ventricular ejection fraction (LVEF) with no
effect on clinical end points (see chapter 3 of this thesis).

Importantly, pre-clinical investigations and phase | clinical studies revealed that newer generations of
stem cells might have more regenerative capacities than these first generation stem cells®*°, whereas
the future role of totipotent, embryonic stem cells is still undetermined. Moreover, the age-old dogma

that the heart only comprises terminally differentiated and post-mitotic myocytes has recently been

Figure 1. Candidate cell types for cardiovascular regenerative therapy.

A variety of cell sources with differing cardiomyogenic potential and developmental origins are under active
investigation for cardiac cell therapy after myocardial infarction. BM-MNCs - Bone marrow mononuclear cells. CSCs
-Cardiac stem cells. EPCs - Endothelial progenitor cells. ESC - Embryonic stem cells. iPSC - Induced pluripotent stem
cells. MSCs - Mesenchymal stem cells. SM - Skeletal myoblasts. Courtesy of Deutsch et al. Circ Res. 2013;112:884-
890
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abandoned. Studies have shown that the heart contains a resident cardiac stem cell niche, and that
cardiomyocytes are replaced several times in a life time.***? This new finding implicates that myocardial
tissue has endogenous regenerative capacities, and initiated a new era in cardiovascular regenerative
medicine. 3™

We therefore pose that there are two potential working mechanisms for cell-based repair of
cardiac dysfunction: 1) the enhancement of endogenous regenerative potential, or 2) the delivery
of exogenous cells to stimulate or repopulate the heart. This review aims to summarize our current
understanding of cardiovascular regenerative medicine by discussing cell types that already have been
evaluated in the clinical setting, but also cell types that are currently being evaluated in pre-clinical
research. We thereby divide stem cells into first to fifth generation, and will elaborate on the proposed

working mechanisms and cardiac disease type they aim to heal.

First generation stem cells for cardiovascular repair — Autologous stem cells

Autologous skeletal myoblasts (table la)

Skeletal myoblasts (SkM) are progenitor cells residing in striated skeletal muscle, and are responsible
for regeneration of skeletal muscle upon damage. They do not meet the stem cell criteria, as they
do not have multi-lineage differentiation potential, but the injection of SkM into scarred myocardium
of ischemic heart failure (HF) patients, was considered stem cell therapy in the early days. SkM are
easily expandable in cell culture, and because they are destined to become contracting cells, they were
a logical candidate for cell replacement therapy. Moreover, in pre-clinical investigations, SkM were
able to form functional skeletal myotubes, repopulate the damaged heart, and integrate into host
myocardium with formation of electromechanical junctions between host cardiomyocytes and injected
skeletal myotubes.*8 These data resulted in the first HF patients treated with epicardial SkM injections
during bypass surgery, or endomyocardial injections using specialized injection catheters.*? Initial and
short-term follow up results were promising with positive effects on global cardiac function, when
assessed by stress echocardiography, MRI and/or pressure-volume loop analysis.>**?*° However, early
enthusiasm subsided, when SkM injection was associated with an increased incidence of sustained
ventricular arrhythmias.? These ventricular arrhythmias were presumed to be caused by the lack of
electromechanical coupling between injected SkM and host myocardium, which is due to the lack of
connexin-43 expression. Collections of injected SkM thereby formed electrically isolated islands that
functioned as re-entry circuits for ventricular arrhythmias.?

The only double-blind, and randomized study performed to date (MAGIC trial; NCT00102128; table la),
in which patients with depressed cardiac function and scheduled for CABG were randomized between
two doses of SkM or placebo, was negative.® Also, most other studies that assessed endomyocardial,
catheter-based injections failed to show long-term improvement of global cardiac function>’, whereas
all initiatives for large randomized studies (CAUSMIC: NCT00626314; MARVEL?: NCT00526253; table
la) were halted. Due to the association with ventricular arrhythmias, the lack of obvious long-term
efficacy, and more attractive alternatives, SkM therapy currently seems to be abandoned as cellular

therapy for cardiac repair.
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Bone marrow-derived mononuclear cells (table Ib)

By far the most clinical experience in cardiac cell therapy has been obtained with BM-derived
mononuclear cells (BMMNC). The first clinical application was preceded by a pivotal mouse study
that showed that BM-derived cells could regenerate infarcted hearts by transdifferentiation into
cardiomyocytes.?* It should be noted however, that only a small percentage of the mononuclear
cell fraction of BM consists of stem cells, and that the majority of these stem cells are committed
to hematopoietic lineages.? It is currently believed that actual transdifferentiation of BMMNC into
functioning cardiomyocytes is practically non existing, and that the beneficial effect is primarily evoked
by paracrine pro-angiogenic actions, and possibly by incorporation of BMMNC into neo-capillaries.?®
Although the results of the initial mouse study in 2001 turned out to be controversial?’, reports
on the treatment of the first AMI patients followed shortly thereafter.3* Since then, more than
1,300 AMI patients have been treated with BM-derived cells. Even so, results of the various trials
have been conflicting. In 2006, the landmark REPAIR-AMI trial was published, which was a double-
blind and randomized study to assess the safety and efficacy of BMMNC in over 200 AMI patients
(NCT00279175).% REPAIR-AMI showed improved LVEF, as assessed by LV angiography at 4 months,
and, more importantly, long-term follow up revealed a reduction in clinical end points.? Other early
studies included the BOOST and ASTAMI randomized trials that showed promising early results, but
no sustained benefits after 3 and 5 years of follow up.3>32 Moreover, recent trials with similar patient
numbers, that used cardiac MRI as imaging modality, contradict the beneficial findings on global
LV function that were found in the early trials.>*¢ A recent meta-analysis that compiled all clinical
evidence to date, revealed a small, but significant, improvement of 2.10% on LVEF (see chapter 3
of this thesis). Intriguingly, this modest beneficial effect disappeared when sub-group analyses were
performed for trial design (excluding non-controlled and cohort studies) or imaging modality (only
including studies that used MRI-derived measures), thereby reinforcing conclusions from recent
negative trial results.333¢

The fact remains that long-term follow up of the REPAIR-AMI trial showed sustained effects on clinical
end points as recurrent AMI%, although this effect was not confirmed in the long-term follow up of the
BOOST trial (NCT00224536).3%%7 It is hoped that the forthcoming, phase lll, BAMI study (NCT01569178),
initiated by professor Zeiher and funded by the European Union, which aims to include 3,000 AMI
patients, will render definite answers to this unrequited issue.

Although most trials using BMMNC were performed in AMI patients 3-30 days after the index event,
some other studies evaluated the effect of BMIMNC in ischemic or non-ischemic HF patients. A recent
meta analysis analyzed 13 randomized, controlled trials and concluded that BMMNC therapy resulted in
amodest increase in global LV function (see chapter 4 of this manuscript).3® Moreover, intramyocardial
delivery was found to be superior to intracoronary delivery. It should be noted however, that also
in the treatment of HF patients, the benefit of BMMNC is controversial®’, and several well-designed

studies with proper end points rendered only modest or negative results.***
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Also in the field of refractory myocardial ischemia, several exploratory studies have been performed
using BMMNC. In most studies, a beneficial effect was found on either cardiac function or angina
rates.”*™* Patient numbers in these studies were low though, and it seems plausible that enriched
cell populations with more pro-angiogenic potential will soon replace BMMNC therapy in this specific

patient population.

Second generation stem cells for cardiovascular repair — Autologous enriched stem
cells

Endothelial progenitor cells (i.e. CD34+ and CD133+ cells; table Ib)

Endothelial progenitor cells (EPC) were first described in 1997 by Asahara et al. as circulating CD34+
cells that can differentiate into endothelial cells.*® They originate from the BM and were shown to
repair and repopulate damaged endothelium, and incorporate into foci of pathological or physiological
neovascularization. The ability to promote new blood vessel formation renders these cells ideal
candidates for cellular therapy in ischemic diseases. However, fifteen years after their discovery, there
is still debate on the exact definition of EPC, and a distinctive cell surface marker is lacking.*” The
majority of EPC is derived from BM, and share a progenitor cell with hematopoietic stem cells (HSC),
called the hemangioblast. Both EPC and HSC are positive for CD34, CD133, and KDR, which makes
distinction based on cell sorting difficult. Once plated in a culture dish, EPC differentiate into so-called
early outgrowth cells (EOC) and late outgrowth cells (LOC). The latter appear only after 2-3 weeks in
culture, and are able to form vessel-like structures in vitro. EOC are positive for the hematopoietic
marker CD45, whereas LOC are not. It is therefore believed that LOC functionally represent true EPC,
whereas EOC are more related to the white blood cell line.*®

Nonetheless, these discriminating features did not enter the clinical arena yet. Thus far, studies in
cardiac disease pragmatically used the surface markers CD34 or CD133 to define a pro-angiogenic
precursor cell type.

In a few pilot studies in AMI patients, BM-derived cell fractions enriched for CD34+ or CD133+ cells
resulted in improved perfusion only, but trends towards increased cardiac function.*= Peri-operative
intramyocardial injection during bypass surgery of BM-derived CD133+ cells showed favorable safety
results, but failed to improve cardiac function.>> Nevertheless, a phase Il trial was designed to
definitively evaluate the efficacy of surgical injection adjunct to bypass surgery in HF patients.>® EPC
have also been successfully applied in patient populations with chronic myocardial ischemia.*’ For
instance, Losordo et al. performed intramyocardial injections in 167 patients with refractory angina
pectoris with a positive response on angina rates>*, and the same group also reported favorable results

in patients with critical limb ischemia.®
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Autologous bone marrow-derived mesenchymal stem cells (table 11)

The adult BM harbors another stem cell type, which is probably the most investigated adult stem cell
type for cardiac repair in the current preclinical arena. They have shown significant beneficial effect in
almost all experimental models of heart disease, and the first clinical applications exerted promising
safety results.>® The mesenchymal stem cell (MSC) was discovered 40 years ago as a rare population
of plastic adherent cells, comprising 0.01-0.001% of BMMNC cells.*’ They represent a heterogeneous
cell population, are self-renewing, can be culture expanded innumerably, and are defined as: 1) plastic
adherent; 2) expressing CD90, CD73 and CD105, and not expressing CD34, CD45, HLA-DR, CD14 or
CD11b, CD79a, or CD19 by FACS analysis; and 3) able to transdifferentiate into adipocytes, osteoblasts
and chondrocytes in vitro.>® Aside from this consensus, the exact phenotype is still under debate, and
MSC identification prior to culture remains undetermined.

Over the past few years, it has become apparent that MSC can be found in most post-natal organs,
including the heart®, liver, spleen, thymus, tendon, periodontal ligament, lungs, menstrual blood,
and adipose tissue.®® The physiological role for MSC in the BM is to support the hematopoietic
microenvironment. In other organs, it is believed that MSC reside in perivascular tissue, might have
pericyte features, and have a role in maintaining tissue homeostasis.®*®* Adipose tissue-derived MSC
are discussed separately below.

MSC have several characteristics that make them very suitable for cardiac repair, excellently reviewed
by Choi et al. and Williams et al.>>%? First, they are able to transdifferentiate into cardiomyocytes in vitro
and in vivo.®® It is important to note, however, that in vitro differentiation of MSC requires epigenetic
modulation, including DNA demethylization and/or histone acetylation.®*% The effect of chemically
induced DNA demethylization or histone acetylation on genetic stability and possible chromosome
aberrations is yet unknown, and may ultimately interfere with cell product safety.

Second, and more importantly, MSC are known to secrete a vast amount of paracrine factors, which
can affect angiogenesis, cardiomyocyte survival, extracellular matrix remodeling, cardiac stem cell
recruitment, and the cardiac immunologic milieu (table A).¢ It is believed that these paracrine factors
are packed in nano particles, called exosomes.® Infusion of MSC conditioned medium containing
these exosomes improves cardiac function, without the actual presence of MSC.*% However,
administration of these factors alone is believed to be less effective than infusion or injection of
MSC, which is probably caused by the rapid wash out of the medium and its exosomes. Also, MSC
are immune privileged, thereby enabling allogeneic cell transfer. The use and clinical application of
allogeneic MSC is discussed separately below.

The biggest limitation of MSCis the very low frequency in which they are found in regular BM aspirations.
Before sufficient cell numbers can be obtained for clinical applications, MSC need extensive culture
expansion in clean room facilities. This implicates extra costs, but also at least 2-3 weeks between BM
harvest and initiation of cell therapy. This excludes the application of autologous MSC in, for instance,
the acute phase of an AMI. Importantly, in a meta-analysis of all large animal studies performed to
date, MSC were found to be superior to BMMNC.?
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Autologous MSC have been investigated in clinical pilot studies of AMI, as well as ischemic and non-
ischemic HF. Chen and colleagues investigated the effect of intracoronary infusion of autologous
MSC in 34 patients with sub-acute AMI, showing improved perfusion and LV function in treated
patients when compared to placebo controls.®® In a recent pilot study, autologous MSC were injected
intramyocardially into the border zone of ischemic HF patients, resulting in reversed remodeling on
MRI in 4 patients.”® These results, together with the conflicting results with BMMNC in HF patients,
formed the basis for the TAC-HFT trial (NCT00768066).7* In this trial, a total of 65 ischemic HF patients
were randomized to receive either BMMNC (n=22), MSC (n=22) or placebo (n=21). Intramyocardial
injection using the Helix catheter was safe. Injection of MSC, but not BMMNC, resulted in a significant
reduction of infarct size and regional cardiac function, when compared to placebo controls.”? This
study suggests that MSC are superior to BMMNC, although these data need to be judged with caution
due to the small sample size of the TAC-HFT trial. Also, Mathiasen and co-workers will assess the safety

and efficacy of autologous MSC versus placebo treatment in ischemic HF patients.”

Cardiogenic-oriented mesenchymal stem cells (table I1)

Very recently, clinical trial results were published from a specific sub category of autologous MSC. The
group of Terzic et al. found ways to direct MSC towards a cardiogenic phenotype using a mix of growth
factors, but without genetic engineering or modification.”* Autologous, patient-derived MSC are
culture expanded following BM harvest, after which these MSC are exposed to a cardiogenic cocktail
of growth factors and chemokines to acquire myocyte-like features. When transplanted in an animal
model of ischemic HF, these cells were shown to improve cardiac function,” which resulted in the
design of the phase | C-CURE trial (NCT00810238). In this randomized study, a total of 48 patients with
ischemic HF were included, who received NOGA-guided intramyocardial injection of cardiogenically-
oriented MSC or placebo. Two-year follow up results showed safety and feasibility of this approach,
whereas global LV function was significantly enhanced after 6 months of follow up, when compared

to standard of care.”®

Autologous adipose tissue-derived regenerative cells (table II)

Adipose tissue was first identified as an alternative source of abundant numbers of multipotent
mesenchymal-like stem cells in 2002.7” Like BM-derived MSC, these cells stimulate neo-angiogenesis
and cardiomyocyte survival both in vitro and in vivo by release of various angiotrophic, anti-apoptotic
and immunomodulatory factors.”®’® The frequency of ADRCs in freshly isolated adipose tissue
digestatesis~ 2,500 fold greater than that of freshly aspirated BM, which implies that culture expansion
is not required to generate sufficient numbers of therapeutic cells.?® On average, 20-40 million cells
can be isolated within two hours after a liposuction from as little as 200 grams of lipo-aspirate. In a
large animal model of AMI, administration of freshly isolated adipose tissue-derived regenerative cells
(ADRCs) improved LV function and myocardial perfusion by cardiomyocyte salvage and stimulated
neo-angiogenesis in the infarct border zone, resulting in reduced infarct scar formation.®

The cardioprotective and pro-angiogenic effect in large animal models were the basis for the phase |
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Table A. Cardioprotective paracrine factors secreted by MSC

Secreted factor Function

Pro-survival

Insuline-like growth factor-1 IGF-1 Inhibits apoptosis

Secreted frizzled-related protein-2 SFRP-2 Inhibits apoptosis

Homing/recruitment of stem cells

Thymosin B-4 TB-4 Promotes cell migration

Stromal-derived factor SDF Promotos cell homing

Cell proliferation

Basic fibroblast growth factor bFGF Proliferation of smooth muscle cells and endothelial cells
Fibroblast growth factor -2 FGF-2 Proliferation of smooth muscle cells and endothelial cells
Fibroblast growth factor -7 FGF-7 Proliferation of endothelial cells

vascular endothelial growth factor VEGF Proliferation of endothelial cells en migration
Platelet-derived growth factor PDGF Proliferation of smooth muscle cells

Tumor necrosis factor-a TNF-a Cell proliferation

Granulocyte colony stimulating factor G-CSF Neutrophil proliferation and differentiation
Insuline-like growth factor-1 IGF-1 Regulates cell growth and proliferation
Macrophage colony stimualting factor M-CSF Monocyte proliferation and differentiation
Secreted-frizzled-related protein-1 SFRP-1 Enhances cell development

Secreted frizzled-related protein-2 SFRP-2 Enhances cell development

Vessel fomation

Vascular endothelial growth factor VEGF Tube formation

Placental growth factor PIGF Promotes angiogenesis

Transforming growth factor-g TGF-B Promotes vessel maturation
Metalloproteinase-1 MMP-1 Tubule formation

Metalloproteinase-2 MMP-2  Tubule formation

Remodeling of extracellular matrix

Metalloproteinase-1 MMP-1  Loosens extracellular matrix
Metalloproteinase-2 MMP-2  Loosens extracellular matrix
Metalloproteinase-9 MMP-9  Loosens extracellular matrix

Plasminogen activator PA Degradation of matrix molecules

Tumor necrosis factor-a TNF-a Degradation of matrix molecules
Immunomodulatory

Heme oxygenase-1 HO1 CD4+ T-cell proliferation inhibitor
Hepatocyte growth factor HGF T-cell proliferation inhibitor

Indoleamine 2,3-dioxygenase IDO Inhibits innate and adaptive immune cell proliferation
Inflammation

Interleukin-6 IL-6 Inflammation regulator, VEGF induction
Prostaglandin E2 PGE-2 Decreases inflammation

Inducible nitric oxide synthase iNOS Decreases inflammation




32 | Chapter2

APOLLO (NCT00442806) and PRECISE (NCT00426868) trials. APOLLO was the first-in-man experience
with ADRCs in the treatment of patients with ST-elevation AMI. It showed in 14 patients that
performing a liposuction in the acute phase of the AMI, as well as intracoronary infusion of ADRC
within 24 hours following the primary PCl, is safe and feasible.® Moreover, significant effects were
obtained on reduction of infarct size and the perfusion defect, which is concordant to the proposed
working mechanism of ADRC therapy. Also, a trend towards improved global cardiac function and
decreased LV volumes was found. The currently recruiting phase Il ADVANCE trial (NCT01216995),
which aims to include a total of 216 AMI patients, will evaluate the true value of ADRC therapy in AMI
patients.

In the PRECISE trial, ADRC were injected intramyocardially in patients with depressed cardiac function
and proof of refractory ischemia with no other treatment options, using NOGA-XP cardiac mapping.
The PRECISE trial demonstrated a statistically significant improvement in VO,max in patients treated
with ADRC, when compared to those treated with placebo, although LVEF did not change (unpublished
data). Two other clinical phase I/lla studies that are aimed to assess safety and feasibility of ADRC in

patients with chronic myocardial ischemia, are currently enrolling.®

Third generation stem cells for cardiovascular repair — Allogeneic stem cells

Allogeneic mesenchymal stem cells (table 111)

As stated above, MSC areimmune-privileged cells. This is achieved by severalimmunological features of
MSC: 1) lack of expression of MHC class Il antigen, and low levels of MHC class I; 2) lack of co-stimulatory
molecules as CD40, CD80, and CD86; 3) secretion of immuno-modulatory factors including nitric oxide,
heme-oxygenase |, and interleukin-6; 4) suppress innate immune cells via direct cell-cell contact, but
also 5) suppress T-cell proliferation and alter naive T-cells into an anti-inflammatory state.*®® These
immunologic properties extend the applicability of MSC as a therapeutic for ischemic heart disease, as
the immune system plays a pivotal role in infarct remodeling.?#% Moreover, its immuno-modulatory
effects enable allogeneic cell transfer without the need for immunosuppressive therapies, which has
several important advantages. It avoids a laborious, time-consuming, and potentially dangerous BM
puncture, as well as the subsequent culturing steps in clean room facilities. Moreover, it enables the
production of “off-the-shelf”, and even commercially available, cell preparations derived from young
and healthy donors. Such stable stem cell banks ensure adequate quality control with inherent batch-
to-batch consistency. Also, a negative correlation was found between the number and functionality
of progenitor cells, and age and cardiovascular risk factors.®#” This would make the use of allogeneic
MSC, derived from young and healthy donors, in the typically elderly, cardiovascular patient population
preferable over autologous cells. More importantly, cell therapy can be initiated directly after the
revascularization of an AMI, thereby maximally utilizing the anti-apoptotic and immuno-modulatory
capacities of the cells. However, the ideal timing of cell therapy following AMI is still a matter of debate

(see below).®
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Most pre-clinical, but also clinical experience with MSC thus far was obtained using allogeneic MSC.?
Interestingly, there is some pre-clinical evidence in large animals that small percentages of injected MSC
have the capacity to engraft in cardiac tissue, and to transdifferentiate into cardiomyocytes, endothelial
cells, and smooth muscle cells.®*%8%° These results were obtained in pigs, but could not be confirmed
in other species. In dogs, MSC seemed to transdifferentiate into vascular cells only®®, whereas in a
sheep model of HF no engraftment or transdifferentiation could be detected at all.’* The fact that there
seem to be inter-species differences, as well as the low rate of actual transdifferentiation, make the
clinical relevance of this phenomenon questionable. Moreover, the robust functional improvement
following MSC transplantation in both AMI and chronic HF models?, is disproportionate to this low
rate of engraftment and transdifferentiation. Hence, other mechanisms must be at play. Most of
these mechanisms were already mentioned above, summarized in table A, and are primarily based
on the paracrine properties of the cells. More specifically: MSC are known to have anti-apoptotic
and pro-survival capacities, secrete pro-angiogenic proteins, and influence the local immune system
and extracellular matrix composition. Moreover, recent studies have shown that also the postnatal
heart contains resident stem cells.®* Delivery of MSC to infarcted or hibernating myocardium may
regenerate myocardium and improve cardiac function by stimulating these resident cardiac stem
cells and cardiomyocytes to (re-)enter the cell cycle, thereby initiating cardiomyocyte generation or
proliferation.392-%

Numerous pre-clinical investigations in small and large animal models preceded the few clinical studies
that have been performed in AMI and HF patients using allogeneic MSC to date (see both reviews and
the meta-analysis by Van der Spoel et al.8°%%). In AMI patients, one clinical study investigated the
intravenous administration of allogeneic MSC in 39 AMI patients versus 21 placebo controls, briefly
following an AML.X It was found that infusion of a considerable number of allogeneic cells was safe,
and did not result in adverse reactions or an immunologic response. Moreover, patients exhibited a
reduction of ventricular arrhythmias, increased pulmonary function, and improved LVEF after 3 months.
Other clinical experience with AMI patients is lacking, because MSC delivery to recently infarcted hearts
has been troublesome. More specifically, endomyocardial injection is prone to perforation so briefly
following AMI, and intracoronary delivery resulted in vascular plugging with no-reflow phenomena in
several pre-clinical studies.”’*® This issue was recently overcome in a large pre-clinical AMI study using
88 sheep. In this study, the safety, feasibility and efficacy was assessed of intracoronary infusion of a
specific Stro3+, immune-selected, immature sub type of MSC directly following an AMI. It was found
that intracoronary infusion of these so-called mesenchymal precursor cells (MPC) is safe, does not
hamper coronary flow, and has marked beneficial effects on global and regional cardiac function.®>%
These effects are evoked by myocardial salvage, neo-vascularization, and stimulation of endogenous
cardiac regeneration. The observations in this study resulted in the design of a multi-center, phase lla/b,
double blind, randomized and placebo-controlled clinical trial. The Allogeneic-Mesenchymal-precursor-
cell-Infusion-in-myoCardial-Infarction (AMICI) trial (NCT01781390), in which European, Australian and
US sites will participate, is aimed to prove safety, feasibility and efficacy of MPC therapy in a minimum

of 225 patients with ST-elevation AMI, and recently the first patient was treated successfully.
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These Stro3+ MSC are an interesting cell type for cardiac repair, as they were shown to exert extensive
cardioprotective effects that exceed the cardioprotective effects of regular MSC.1%2% |t is believed
that this difference is evoked by more potent paracrine activity, as well as more extensive multilineage
differentiation potential.’®>1% |n several pre-clinical investigations, intramyocardial injection of these
cells resulted in marked improvement of cardiac function and LV remodeling in models of AMI,
ischemic, and non-ischemic heart failure.?10%1%5106 Recently, the results from a clinical, phase I/ study,
assessing the effect of percutaneous endomyocardial injections of allogeneic MPC in 60 HF patients,
were presented (Mesoblast-CHF; NCT00721045). Allogeneic MPC injections up to a dose of 150
million cells were shown to be safe and feasible without a clinically significant anti-allogeneic immune
response. More importantly, MACCE rate, cardiac mortality and composite end points for heart failure
were markedly decreased at 12 month clinical follow up (unpublished data). This study resulted in the
preparations of a phase Ill study analyzing the therapeutic effect of MPC therapy via intramyocardial
injections in 120 congestive HF patients.

In the POSEIDON trial (NCT01087996) the difference between autologous and allogeneic MSC in
the treatment of ischemic HF was evaluated in 30 patients.’” It confirmed the safety data of the
Mesoblast-CHF study, as no significant anti-allogeneic immune response was found in patients treated
with allogeneic MSC. Moreover, cardiac function improved equally in both autologous and allogeneic
groups. The future POSEIDON-DCM (NCT01392625) will evaluate the effect of MSC in patients with

non-ischemic dilated cardiomyopathy, whereas larger phase Il initiatives are much anticipated.

CellBeads

One of the biggest challenges in the cell therapy field today is the poor retention rate of therapeutic
cells upon local delivery in the heart, with retention rates as low as 1% after intracoronary delivery.1%81%°
Even though permanent engraftment of stem cells is not required to elicit the cardio-protective effect,
it seems logical that the greater the number of cells that are retained in the injured myocardium and the
longer they reside there, the more pronounced the potential beneficial effect will be. A new concept of
stem cell delivery has recently become available owing to advances in the field of biotechnology, as it
is currently possible to encapsulate MSC in a biocompatible alginate shell.}*° Alginate encapsulation of
varying numbers of MSC results in so-called CellBeads™. These MSCs have been genetically modified
to secrete a proprietary recombinant GLP-1 fusion protein, which consists of two GLP-1 molecules
bound by an intervening peptide. This form of recombinant GLP-1 is more stable than endogenous
GLP-1, rendering a longer half-life and thus prolonged therapeutic potential. The alginate coating of
the CellBeads is permeable to the GLP-1 fusion protein and MSC-derived paracrine factors, allowing
for continuous delivery, while protecting the MSC from the patient's immune system. Also, oxygen and
nutrients can freely pass through the alginate shell, which renders the MSC viable for a long period
of time. Thus, Cellbeads are potentially a unique, biological, long-term, local drug delivery platform
that is capable of delivering GLP-1, or other therapeutic proteins, in addition to MSC-derived factors
(VEGF, MCP-1, IL-6, IL-8, GDNF and NT-3) to any target tissue. These CellBeads can be delivered safely

to infarcted myocardium by intracoronary infusion, resulting in engraftment and production of the
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recombinant protein for at least 7 days post infusion.''* The potential efficacy of CellBeads in a large
animal model of AMI is currently being analyzed, after which the clinical potential of this promising

new therapy will become evident.

Fourth generation stem cells for cardiovascular repair — Cardiac-derived stem cells

Cardiac stem cells (table Ill)

For decades, the heart has been considered a post-mitotic organ, without the capacity to self-renew
or regenerate upon inflicted damage. This dogma has recently been abandoned by the discovery by
several groups that considerable cardiomyocyte turnover occurs throughout life in healthy, aged,
and damaged hearts.?>12113 This self-renewing capacity was found to be based on both the intrinsic
capacity of senescent cardiomyocytes to re-enter the cell cycle, as well as the presence of endogenous
cardiac stem cells (CSC).13114116 Although the rate of myocyte turnover varied between 40% in a
lifetime!*? to over 40% per year*? depending on the way it was measured, there is now concensus
that the cardiomyocyte compartment is substituted approximately 8 times during the adult life time
of a healthy indiviual.}*3'” The fact that the heart contains endogenous regenerative potential caused
a paradigm shift with regard to cellular therapies to mend broken hearts. It initiated a quest to find
ways to direct resident cardiomyocytes to re-enter the cell cycle and start proliferation. Moreover, the
isolation of CSC was deemed a potential holy grail for regenerative therapies for CV disease, as these
cells might be very effective in regenerating damaged myocardium.

To date, several types of CSC have been identified.’* The most extensively studied stem cell type is the
cKit+ CSC, first described in 2003.*8 They reside in niches in the post-natal heart, which are primarily
localized in the atria and in the apex of the heart.?® This CSC is multipotent, and has the ability to
transdifferentiate into endothelial cells, smooth muscle cells and cardiomyocytes.'** They were found
to ameliorate cardiac function when transplanted in pre-clinical models of HF*8'°, which laid the
basis for the SCIPIO trial (NCT00474461). In this trial, 16 ischemic HF patients were treated with
intracoronary infusion of 1 million autologous CSC. The main finding of SCIPIO was that intracoronary
infusion of these cells is feasible and safe, whereas it also resulted in improved cardiac function and
decreased infarct size at 1 year follow up.” These results warrant further investigation of these cells

in larger phase Il studies.

Cardiosphere derived cells

Cardiospheres were first described in 2004, and are defined as spherical clusters of undifferentiated
cells that evolve when adult cardiac tissue specimens are placed in suspension culture.’?® These
cardiospheres contain a heterogeneous cell population with proliferating cKit+ cells in its core,
which are surrounded by differentiating cells that express endothelial and cardiac markers. When
cardiospheres are plated and culture expanded, cardiosphere-derived cells (CDC) can be obtained
reproducibly.??* These CDC express stem cell markers, as well as markers vital for contractile and

electrical function. It is believed that they possess greater regenerative potential than CSC, as they
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mimic the stem cell niches that are also found in vivo.*? Also, they have more paracrine activity than
pure cKit+ CSC populations.'? When transplanted in both small and large animal models of ischemic HF,
these cells form new cardiac tissue, improve cardiac function, and attenuate adverse remodeling.1?124
These promising pre-clinical findings initiated the CADUCEUS trial (NCT00893360), in which a total of
17 patients with ischemic HF with baseline LVEF of 25-40% were treated with intracoronary infusion
of CDC, as opposed to 8 patients who received standard of care. After 6 months, CDC infusion proved
to be safe, whereas MRI analysis showed reduction of infarct size, and improved regional cardiac
function. However, LV dimensions and LVEF were not significantly enhanced.* It seems that the high
hopes that were raised in pre-clinical studies could not be confirmed, although only larger studies as
the forthcoming ALLSTAR trial (NCT01458405) can provide definitive answers.

It should be noted that, to obtain cells for both therapies, a cardiac muscle biopsy, but also clean-room
facilities, are required. Cardiac biopsy is an invasive procedure with considerable risk of perforation of
the right ventricle, and poses a big disadvantage of both CSC and CDC therapy, whereas resident CSC
can also be stimulated by MSC transplantation (table A).9294%

Fifth generation stem cells for cardiovascular repair — Pluripotent stem cells

Embryonic stem cells

Embryonic stem cells (ESC) are derived from the inner cell mass of the developing embryo, and are
able to transdifferentiate in all cell and tissue types. This is why the ESC is the prototypical stem
cell, capable of unlimited expansion and self-renewal. Theoretically, given their versatility and the
possibility of generating beating cardiomyocytes, ESC are the ultimate candidate for cell-based
regenerative therapies for cardiovascular disease.'?>*?® Moreover, when transplanted into rodent and
large animal models of HF, ESC-derived cardiomyocytes engraft into host tissue and improve cardiac
function.'?2® However, cell therapy using ESC raises several concerns that have not been addressed
sufficiently yet to proceed to a clinical application: 1) as ESC are derived from embryos, there are
ample ethical and societal issues; 2) ESC are prone to teratoma formation, when cells remain in their
undifferentiated state; 3) ESC are by definition allogeneic and not immune-privileged, which may lead
to immune rejection; 4) the yield of cardiomyocytes from ESC cultures is still too low; 5) competency
of ESC-derived cardiomyocytes to electrically and/or mechanically integrate into host myocardium.

Extensive research is currently ongoing in order to solve these issues.

Induced pluripotent cells

Recently, a newer cell type was discovered that might circumvent several of the concerns that
were raised in the previous paragraph. Induced pluripotent stem cells (iPS) are pluripotent cells
that are derived from mature, differentiated cells, such as skin fibroblasts. By overexpressing some
reprogramming factors (i.e. Sox-2, c-Myc, Oct 3/4, and Kfl4) that are also expressed by ESC, such
specialized somatic cells can be reprogrammed to reverse to an embryonic state.’® iPS have almost

identical pluripotent and proliferative potentials as ESC, and can be differentiated into any desired cell
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type, including cells from the cardiovascular lineage.**>*3* Thus far, human iPS have been successfully
transplanted into the murine heart, resulting in regeneration of the myocardium, and improving cardiac
function.’3? Because iPS can be patient-derived cells, the ethical issues that were raised around ESC are
circumvented, whereas immune rejection is likely to be absent. However, also with iPS, several issues
remain to be solved before the field can advance to a clinical application in cardiovascular patients.
Most importantly, the disruption of the genome by inserting genes can cause gene mutations ranging
from mild aberrations to tumorigenesis.’*>*3* Although several groups have reported the possibility
to use vectors that do not permanently change the host’s DNA, these new techniques are highly
inefficient and need extensive fine tuning. The issues that need to be addressed can be summarized
as: 1) effectuate more efficient induction of cardiomyocyte lineages; 2) selective expansion of cells
of the cardiomyocyte lineage; 3) purification of differentiated cardiomyocytes, as undifferentiated
iPS might develop teratomas; 4) address issues with possible acquired immunogenicity; 5) ensure

electromechanical coupling of implanted iPS-derived cardiomyocytes.'*?

Induced cardiomyocytes

The fact that somatic cells can be re-programmed into pluripotent cells raises the question if these
somatic cells can not be re-programmed towards a cardiomyogenic fate, without first becoming a
progenitor cell. This would circumvent the issue of teratogenesis. Indeed, recently leda and coworkers
were able to reprogramme murine dermal fibroblasts into functional cardiomyocytes by inserting
three developmental transcription factors (Gata4, Mef2c, and Thx5).2** Although such reprogrammed
fibroblasts might be a source of cardiomyocytes for regenerative purposes, the in vitro reprogramming
efficiency should be improved significantly. Nonetheless, other reports suggest that cardiac-derived
fibroblasts can undergo the same reprogramming into functional cardiomyocytes, even in in vivo
situations. Resident cardiac fibroblasts, reprogrammed into cardiomyocytes, were shown to improve
cardiac function and reduce ventricular remodeling.’***3” This new approach might signify the next
paradigm shift in cellular/gene therapy, as it would enable direct reprogramming of scar tissue into

functional myocardium without the need for actual cell transplantation.

What cell for what cardiovascular disease type?

This review describes the use of cells for the treatment of cardiovascular diseases. Although it
describes many cell types, we do not claim completeness, and several cells have not been mentioned.
Moreover, the cardiovascular patient as such does not exist, and there are many disease types with
all different pathogeneses. We will only briefly discuss AMI and HF below, and elaborate on the most
logical candidate cell for these two specific disease types, whereas many other cardiovascular diseases
will not be addressed.

Most clinical studies to date were performed in AMI patients, and used BMMNC. To determine the
optimal cell for AMI patients, however, one should ask what we aim to treat by using cell therapy.
Obviously, we should strive to minimize damage inflicted by ischemia and reperfusion, thereby

reducing infarct size and thus minimizing LV remodeling.
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We believe that the ideal cell for AMI patients has the following charateristics: 1) pronounced
paracrine anti-apoptotic, pro-angiogenic, and immuno-modulatory capacities; 2) mobilize or stimulate
resident CSC and/or cardiomyocytes to proliferate; 3) available during the (hyper)acute phase of the
AMI; 4) non-embryonic; 5) multipotent; 6) autologous or non-immunogenic. BMMNC contain some of
those characteristics, but MSC harbor all, whereas its paracrine capacities exceed those of BMMNC.®
Moreover, the immune-privileged state of MSC renders the possibility of an “off-the-shelf” allogeneic
cell product, which enables delivery directly following reperfusion of the AMI. It should be noted that
also autologous adipose tissue-derived MSC can be available in the acute phase of the AMI, given their
high frequency in, and easy accessibility of, adipose tissue.® All other cell types necessitate cell culture
expansion, which makes the application within hours following the AMI impossible. Thus, to date, MSC
seem the most logical candidate for cellular therapy in AMI patients. The AMICI trial, as well as several
other forthcoming phase Il studies, will render more insight in the safety and efficacy of allogeneic
MSC in AMI patients.

In contrast to AMI, HF is a chronic condition with a much broader time window of possible stem cell
transplantation, thereby enabling the use of other autologous cell types. Ideally, in patients with heart
failure due to systolic dysfunction, cells should be applied that can 1) contribute to the contractile
apparatus; 2) influence the remodeling process; and/or 3) enhance blood and nutrients supply. It is still
far from feasible to transplant pluripotent cells that have differentiated into therapeutic amounts of
cardiomyocyte-like cells, and that engraft and electromechanically couple with the host myocardium.
However, in recent years, several cell types that are already committed towards a cardiomyogenic
lineage have entered the (pre-)clinical arena, whereas the role for BMMNC seems to subside.3#4°
Interestingly, the proof of principle of cardiac stem cells and cardiosphere-derived cells in HF has been
established, and the near future will probably prove whether these cells have a definite place in this
disease type.***>12* Currently the most feasible cell type in HF, however, is the MSC. They are readily
available, and both autologous and allogeneic MSC have been shown to reverse cardiac remodeling
following intramyocardial injection, which might be associated with their stimulatory effect on
resident cardiac stem cells and cardiomyocytes, as well as their pro-survival and pro-angiogenic
potential 86392106138 Moreover, MSC driven towards a cardiogenic phenotype were recently shown to
have beneficial effects in HF patients.”® In conclusion, in our opinion, MSC are still the cornerstone of

contemporary cardiac cellular therapy until potential new players take over.

Timing of stem cell delivery

One of the unsolved issues in cardiac cell therapy is the ideal timing of cell transplantation following
the AMI. Almost all clinical studies that assessed the effect of BMMNC infused the between 2-30
days following the AMI. This was primarily based on results in pilot studies, the landmark REPAIR-
AMI trial, as well as logistical considerations.’** %! The recent SWISS-AMI, TIME and late-TIME
trials, but also several meta-analyses showed no difference in benefit, if there was any benefit at
all, between the early and late time points within these limits.343614214 |t should be noted, however,

that in AMI patients one of the predominant working mechanism of cell therapy is believed to be
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through cardiomyocyte salvage, which is evoked by the anti-apoptotic and pro-survival properties of
the cells. This suggests that cell therapy should be initiated soon after reperfusion, as in that period
most cardiomyocytes are at risk for necrosis or apoptosis.?*1%> We believe that the anti-apoptotic and
pro-survival characteristics of, for instance, MSC are best utilized when these cells are infused briefly
following the primary PCI. This implicates that the cells are infused in a hostile environment, and that
many transplanted cells may not survive. However, it is this hostile environment that the cells need
to ameliorate, not only by their anti-apoptotic and pro-survival capacities, but also by influencing the
local immunologic milieu® and reducing oxidative stress.®® It was recently posed that the ideal time
window for cell transplantation is within 6 hours after the primary PCl, or 5 days later.®* Indeed, our
group found that intracoronary infusion of Stro3+ MSC directly during reperfusion in an ovine model
of AMI, resulted in extremely high cell retentions, a marked reduction of infarct size, and improved
global and regional cardiac function.®® This seems to confirm that, although many MSC may subside
directly following AMI, the surviving MSC can exert pronounced beneficial effects.

However, injection of stem cells into sub-acute AMIs of 2-4 weeks old can still preserve myocardium
and reverse cardiac remodeling.®** Moreover, as discussed above, stem cell therapy in remodeled and
already failing ventricles can still result in reduction of LV volumes.®’*7%1% The most beneficial effect in

post-AMI patients though, is likely to be achieved in the yet non-dilated ventricle.

Delivery methods

Although the field of cell therapy has advanced considerably, and many cell types are currently in
phase Il clinical testing, several issues still remain. Finding the most appropriate cell delivery method
is one of those issues, and still a matter of debate. Several techniques have been described, including
intravenous, intracoronary, percutaneous endomyocardial, surgical epicardial, and retrograde
transvenous into the coronary sinus, but percutaneous intracoronary and endomyocardial delivery
are the most widely used techniques.?**'%” The best delivery technique largely depends on the disease
type. Intracoronary delivery necessitates homing to the site of injury, which includes passage through
the endothelial barrier. We currently know that homing signals (i.e. SDF-1 expression) are highest
within the first few days following an AMI, whereas they subside to sub-clinical levels in chronic HF.2*®
This implicates that briefly following an AMI, intracoronary infusion can be applied, and stem cells are
attracted to the site of injury.**=*>! This was confirmed in several pre-clinical studies that revealed that
intracoronary infusion efficiently targets post-AMI myocardium.®>°*1% |n most clinical studies thus far,
a stop-flow technique was adopted by using an over-the-wire balloon that is briefly inflated during
stem cell delivery. However, recent studies suggest that continuous infusion without balloon occlusion
might result in comparable efficacy results, and even better stem cell homing.®52

Because homing signals are mostly absent in failing hearts, intracoronary infusion results in sub-optimal
stem cell homing in HF patients.’®® Hence, in this patient population, direct intramyocardial injection
has been the preferred mode of stem cell delivery since the beginning of cellular therapy'?, and was
applied in numerous clinical studies thus far. Intramyocardial injection ensures delivery of the stem

cells directly into the interstitial space of the myocardium. However, defining and reaching the target
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area remains a challenge. Endomyocardial injection using an endovascular approach, combined with
electromechanical mapping (NOGA-XP in combination with MyoStar'** injection catheter), is currently
most widely used?#070107.155-157 "\and ensures accurate localization of ischemic, hibernating, or scarred
areas.’™ Also, several other injection catheters were developed, all with their specific advantages or
disadvantages (Helix**°, MyoCath'®°, Stiletto®?, SilverPoint). Direct epicardial injection during (bypass)
surgery is yet another option for intramyocardial stem cell delivery, and enables direct visualization
of the scar and border zone.»*>21%2 However, this approach necessitates sternotomy or thoracotomy,

which might be unwanted in this frail patient population.

Considerations and future directions

Cellular therapy for both AMI and HF patients has progressed substantially, since the first patients
were treated more than a decade ago. Safety and feasibility has been shown for numerous cell
types in phase I/lla studies, and the field is slowly progressing towards phase Ilb and IlI clinical trials.
However, many questions still remain unanswered. It is yet unknown what cell type will prevail,
what delivery method is safest and most efficient, and the optimal timing of cell delivery is still
controversial.

We believe that the forthcoming, EU-sponsored, phase Ill BAMI trial will definitively show if there is a
place for BMMNC in AMI patients, as it is supposed to be powered to find differences on hard clinical
endpoints. Moreover, phase Il studies using intracoronary or intravenous delivery of allogeneic MSC
will assess their presumed superiority to BMMNC, whereas the role for CDC in AMI patients is yet to be
determined. Also the field of HF treatment is progressing, recent promising results of the TAC-HFT trial
favoring MSC over BMMNC. Moreover, a phase Il study was initiated to assess the efficacy of Stro3+
MSC in 225 ischemic HF patients, and the sequel of the C-CURE trial is much anticipated.

The pre-clinical field is currently progressing rapidly in the ongoing search for new cells, or optimizing
existing therapies. Of note are the numerous investigations that are ongoing to enhance stem cell
homing and engraftment by gene therapy, or the application of micro-RNA.*¢3-1%> Moreover, numerous
biomaterials are currently assessed to improve cell retention, including hydrogels, alginate, and
extra cellular matrix surrogates.®®%’ Genetic engineering or preconditioning of stem cells with pro-
survival or anti-apoptotic factors were shown to have beneficial effects on stem cell survival, whereas
preconditioning of the receiving environment were also beneficial.*¢8173

In conclusion, our knowledge about cellular therapy for cardiovascular repair has progressed
significantly over the past two decades. Although it seems that the role for first generation cells
is subsiding, cells from the third and fourth generation show pronounced effects in preclinical
investigations and favorable results in phase | clinical studies. It seems obvious that cell therapy for
cardiovascular disease is here to stay, although several questions remain to be answered in future

investigations.



42 |

Chapter 2

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Menasché P, Hagege AA, Scorsin M, Pouzet B, Desnos M, Duboc D, Schwartz K, Vilquin JT, Marolleau JP.
Myoblast transplantation for heart failure. Lancet. 2001; 357:279-80.

Smits PC, van Geuns R-JM, Poldermans D, Bountioukos M, Onderwater EEM, Lee CH, Maat APWM, Serruys
PW. Catheter-based intramyocardial injection of autologous skeletal myoblasts as a primary treatment of
ischemic heart failure: clinical experience with six-month follow-up. J. Am. Coll. Cardiol. 2003; 42:2063-9.

Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Débert N, Griinwald F, Aicher A, Urbich C, Martin
H, Hoelzer D, Dimmeler S, Zeiher AM. Transplantation of Progenitor Cells and Regeneration Enhancement in
Acute Myocardial Infarction (TOPCARE-AMI). Circulation. 2002; 106:3009-17.

Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg R V, Kogler G, Wernet P. Repair of infarcted
myocardium by autologous intracoronary mononuclear bone marrow cell transplantation in humans.
Circulation. 2002; 106:1913-1918.

Veltman CE, Soliman Oll, Geleijnse ML, Vletter WB, Smits PC, ten Cate FJ, Jordaens LJ, Balk AHHM, Serruys
PW, Boersma E, van Domburg RT, van der Giessen WJ. Four-year follow-up of treatment with intramyocardial
skeletal myoblasts injection in patients with ischaemic cardiomyopathy. Eur. Heart J. 2008; 29:1386-96.

Menasché P, Alfieri O, Janssens S, McKenna W, Reichenspurner H, Trinquart L, Vilquin J-T, Marolleau J-P,
Seymour B, Larghero J, Lake S, Chatellier G, Solomon S, Desnos M, Hagége AA. The Myoblast Autologous
Grafting in Ischemic Cardiomyopathy (MAGIC) trial: first randomized placebo-controlled study of myoblast
transplantation. Circulation. 2008; 117:1189-200.

Duckers HJ, Houtgraaf J, Hehrlein C, Schofer J, Waltenberger J, Gershlick A, Bartunek J, Nienaber C, Macaya C,
Peters N, Smits P, Siminiak T, Van Mieghem W, Legrand V, Serruys PW. Final results of a phase Ila, randomised,
open-label trial to evaluate the percutaneous intramyocardial transplantation of autologous skeletal
myoblasts in congestive heart failure patients: the SEISMIC trial. Eurolntervention. 2011 Feb;6(7):805-12

Van der Spoel TI, Jansen Of Lorkeers SJ, Agostoni P, van Belle E, Gyongyosi M, Sluijter JP, Cramer MJ,
Doevendans PA, Chamuleau SA. Human relevance of pre-clinical studies in stem cell therapy; systematic
review and meta-analysis of large animal models of ischemic heart disease. Cardiovasc Res. 2011; 91:649—
658.

Houtgraaf JH, den Dekker WK, van Dalen BM, Springeling T, de Jong R, van Geuns RJ, Geleijnse ML,
Fernandez-Aviles F, Zijlsta F, Serruys PW, Duckers HJ. First experience in humans using adipose tissue-derived
regenerative cells in the treatment of patients with ST-segment elevation myocardial infarction. J Am Coll
Cardiol. 2012; 59:539-540.

Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, Gerstenblith G, DeMaria AN, Denktas AE,
Gammon RS, Hermiller Jr. JB, Reisman MA, Schaer GL, Sherman W. A randomized, double-blind, placebo-
controlled, dose-escalation study of intravenous adult human mesenchymal stem cells (prochymal) after
acute myocardial infarction. J Am Coll Cardiol. 2009; 54:2277-2286.

Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, Walsh S, Zupicich J, Alkass K, Buchholz B
a, Druid H, Jovinge S, Frisén J. Evidence for cardiomyocyte renewal in humans. Science. 2009; 324:98-102.

Kajstura J, Gurusamy N, Ogérek B, Goichberg P, Clavo-Rondon C, Hosoda T, D’Amario D, Bardelli S, Beltrami
AP, Cesselli D, Bussani R, del Monte F, Quaini F, Rota M, Beltrami CA, Buchholz BA, Leri A, Anversa P. Myocyte
turnover in the aging human heart. Circ. Res. 2010; 107:1374-86.

Leri A, Kajstura J, Anversa P. Role of cardiac stem cells in cardiac pathophysiology: a paradigm shift in human
myocardial biology. Circ. Res. 2011; 109:941-61.

Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LEJ, Berman D, Czer LSC, Marban L, Mendizabal A,
Johnston P V, Russell SD, Schuleri KH, Lardo AC, Gerstenblith G, Marban E. Intracoronary cardiosphere-
derived cells for heart regeneration after myocardial infarction (CADUCEUS): a prospective, randomised
phase 1 trial. Lancet. 2012; 379:895-904.

Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, Ikram S, Beache GM, Wagner SG, Leri A, Hosoda
T, Sanada F, EImore JB, Goichberg P, Cappetta D, Solankhi NK, Fahsah I, Rokosh DG, Slaughter MS, Kajstura
J, Anversa P. Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial results of a
randomised phase 1 trial. Lancet. 2011; 378:1847-57.

Tambara K, Sakakibara Y, Sakaguchi G, Lu F, Premaratne GU, Lin X, Nishimura K, Komeda M. Transplanted
skeletal myoblasts can fully replace the infarcted myocardium when they survive in the host in large numbers.
Circulation. 2003; 108 Suppl :11259-63.

Ghostine S, Carrion C, Souza LCG, Richard P, Bruneval P, Vilquin J-T, Pouzet B, Schwartz K, Menasché P, Hagege
AA. Long-term efficacy of myoblast transplantation on regional structure and function after myocardial



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Cell-based therapies for cardiac repair | 43

infarction. Circulation. 2002; 106:1131-6.

Reinecke H, MacDonald GH, Hauschka SD, Murry CE. Electromechanical coupling between skeletal and
cardiac muscle. Implications for infarct repair. J. Cell Biol. 2000; 149:731-40.

Steendijk P, Smits PC, Valgimigli M, van der Giessen WJ, Onderwater EE, Serruys PW. Intramyocardial injection
of skeletal myoblasts: long-term follow-up with pressure-volume loops. Nat Clin Pr. Cardiovasc Med. 2006; 3
Suppl 1:594-100.

Menasché P, Hagege AA, Vilquin J-T, Desnos M, Abergel E, Pouzet B, Bel A, Sarateanu S, Scorsin M, Schwartz
K, Bruneval P, Benbunan M, Marolleau J-P, Duboc D. Autologous skeletal myoblast transplantation for severe
postinfarction left ventricular dysfunction. J. Am. Coll. Cardiol. 2003; 41:1078-83.

Makkar RR, Lill M, Chen P-S. Stem cell therapy for myocardial repair: is it arrhythmogenic? J. Am. Coll. Cardiol.
2003; 42:2070-2.

Smits PC. Myocardial repair with autologous skeletal myoblasts: a review of the clinical studies and problems.
Minerva Cardioangiol. 2004; 52:525-35.

Povsic TJ, O’Connor CM, Henry T, Taussig A, Kereiakes DJ, Fortuin FD, Niederman A, Schatz R, Spencer R,
Owens D, Banks M, Joseph D, Roberts R, Alexander JH, Sherman W. A double-blind, randomized, controlled,
multicenter study to assess the safety and cardiovascular effects of skeletal myoblast implantation by catheter
delivery in patients with chronic heart failure after myocardial infarction. Am. Heart J. 2011; 162:654—662.e1.

Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel J, McKay R, Nadal-Ginard B, Bodine DM,
Leri A, Anversa P. Bone marrow cells regenerate infarcted myocardium. Nature. 2001; 410:701-5.

Challen GA, Boles NC, Chambers SM, Goodell MA. Distinct hematopoietic stem cell subtypes are differentially
regulated by TGF-betal. Cell Stem Cell. 2010; 6:265-78.

Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Tsutsumi Y, Ozono R, Masaki H, Mori Y, Iba O, Tateishi E,
Kosaki A, Shintani S, Murohara T, Imaizumi T, lwasaka T. Implantation of bone marrow mononuclear cells
into ischemic myocardium enhances collateral perfusion and regional function via side supply of angioblasts,
angiogenic ligands, and cytokines. Circulation. 2001; 104:1046-1052.

Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO, Rubart M, Pasumarthi KBS, Virag JI, Bartelmez
SH, Poppa V, Bradford G, Dowell JD, Williams DA, Field LJ. Haematopoietic stem cells do not transdifferentiate
into cardiac myocytes in myocardial infarcts. Nature. 2004; 428:664-8.

Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J, Corti R, Mathey DG,
Hamm CW, Suselbeck T, Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary bone marrow-derived
progenitor cells in acute myocardial infarction. N Engl J Med. 2006; 355:1210-1221.

Assmus B, Rolf A, Erbs S, Elsdsser A, Haberbosch W, Hambrecht R, Tillmanns H, Yu J, Corti R, Mathey DG,
Hamm CW, Suselbeck T, Tonn T, Dimmeler S, Dill T, Zeiher AM, Schéachinger V. Clinical outcome 2 years after
intracoronary administration of bone marrow-derived progenitor cells in acute myocardial infarction. Circ.
Heart Fail. 2010; 3:89-96.

Beitnes JO, Hopp E, Lunde K, Solheim S, Arnesen H, Brinchmann JE, Forfang K, Aakhus S. Long-term results
after intracoronary injection of autologous mononuclear bone marrow cells in acute myocardial infarction:
the ASTAMI randomised, controlled study. Heart. 2009; 95:1983-9.

Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, Fichtner S, Korte T, Hornig B,
Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H. Intracoronary autologous bone-marrow cell
transfer after myocardial infarction: the BOOST randomised controlled clinical trial. Lancet. 2004; 364:141-8.

Meyer GP, Wollert KC, Lotz J, Pirr J, Rager U, Lippolt P, Hahn A, Fichtner S, Schaefer A, Arseniev L, Ganser A,
Drexler H. Intracoronary bone marrow cell transfer after myocardial infarction: 5-year follow-up from the
randomized-controlled BOOST trial. Eur. Heart J. 2009; 30:2978-84.

Hirsch A, Nijveldt R, van der Vleuten PA, Tijssen JG, van der Giessen WJ, Tio RA, Waltenberger J, ten Berg JM,
Doevendans PA, Aengevaeren WR, Zwaginga JJ, Biemond BJ, van Rossum AC, Piek JJ, Zijlstra F, Investigators H.
Intracoronary infusion of mononuclear cells from bone marrow or peripheral blood compared with standard
therapy in patients after acute myocardial infarction treated by primary percutaneous coronary intervention:
results of the randomized controlled HEBE . Eur Hear. J. 2011; 32:1736-1747.

Traverse JH, Henry TD, Pepine CJ, Willerson JT, Zhao DXM, Ellis SG, Forder JR, Anderson RD, Hatzopoulos
AK, Penn MS, Perin EC, Chambers J, Baran KW, Raveendran G, Lambert C, Lerman A, Simon DI, Vaughan DE,
Lai D, Gee AP, Taylor DA, Cogle CR, Thomas JD, Olson RE, Bowman S, Francescon J, Geither C, Handberg E,
Kappenman C, Westbrook L, Piller LB, Simpson LM, Baraniuk S, Loghin C, Aguilar D, Richman S, Zierold C,
Spoon DB, Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI, Gordon DJ, Ebert RF, Kwak M, Moyé LA, Simari
RD. Effect of the use and timing of bone marrow mononuclear cell delivery on left ventricular function after
acute myocardial infarction: the TIME randomized trial. JAMA. 2012; 308:2380-9.



44

35.

36.

37.

38.

39.
40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

Chapter 2

Tendera M, Wojakowski W, Ruzytto W, Chojnowska L, Kepka C, Tracz W, Musiatek P, Piwowarska W, Nessler J,
Buszman P, Grajek S, Breborowicz P, Majka M, Ratajczak MZ. Intracoronary infusion of bone marrow-derived
selected CD34+CXCR4+ cells and non-selected mononuclear cells in patients with acute STEMI and reduced
left ventricular ejection fraction: results of randomized, multicentre Myocardial Regeneration by Intracor. Eur.
Heart J. 2009; 30:1313-21.

Surder D, Manka R, Lo Cicero V, Moccetti T, Rufibach K, Soncin S, Turchetto L, Radrizzani M, Astori G, Schwitter
J, Erne P, Zuber M, Auf der Maur C, Jamshidi P, Gaemperli O, Windecker S, Moschovitis A, Wahl A, Bihler
I, Wyss C, Kozerke S, Landmesser U, Lischer TF, Corti R. Intracoronary Injection of Bone Marrow Derived
Mononuclear Cells, Early or Late after Acute Myocardial Infarction: Effects on Global Left Ventricular Function
Four months results of the SWISS-AMI trial. Circulation. 2013; 127:1968-79.

Meyer GP, Wollert KC, Lotz J, Steffens J, Lippolt P, Fichtner S, Hecker H, Schaefer A, Arseniev L, Hertenstein B,
Ganser A, Drexler H. Intracoronary bone marrow cell transfer after myocardial infarction: eighteen months’
follow-up data from the randomized, controlled BOOST (BOne marrOw transfer to enhance ST-elevation
infarct regeneration) trial. Circulation. 2006; 113:1287-94.

Wen Y, Chen B, Wang C, Ma X, Gao Q. Bone marrow-derived mononuclear cell therapy for patients with
ischemic heart disease and ischemic heart failure. Expert Opin. Biol. Ther. 2012; 12:1563-73.

Menasche P. Cardiac cell therapy: lessons from clinical trials. J. Mol. Cell. Cardiol. 2011; 50:258-65.

Perin EC, Willerson JT, Pepine CJ, Henry TD, Ellis SG, Zhao DXM, Silva G V, Lai D, Thomas JD, Kronenberg MW,
Martin AD, Anderson RD, Traverse JH, Penn MS, Anwaruddin S, Hatzopoulos AK, Gee AP, Taylor DA, Cogle CR,
Smith D, Westbrook L, Chen J, Handberg E, Olson RE, Geither C, Bowman S, Francescon J, Baraniuk S, Piller
LB, Simpson LM, Loghin C, Aguilar D, Richman S, Zierold C, Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI,
Gordon DJ, Ebert RF, Kwak M, Moyé LA, Simari RD. Effect of transendocardial delivery of autologous bone
marrow mononuclear cells on functional capacity, left ventricular function, and perfusion in chronic heart
failure: the FOCUS-CCTRN trial. JAMA. 2012; 307:1717-26.

Beeres SLM a, Bax JJ, Dibbets-Schneider P, Stokkel MPM, Fibbe WE, van der Wall EE, Schalij MJ, Atsma DE.
Intramyocardial injection of autologous bone marrow mononuclear cells in patients with chronic myocardial
infarction and severe left ventricular dysfunction. Am. J. Cardiol. 2007; 100:1094-8.

Hendrikx M, Hensen K, Clijsters C, Jongen H, Koninckx R, Bijnens E, Ingels M, Jacobs A, Geukens R, Dendale
P, Vijgen J, Dilling D, Steels P, Mees U, Rummens J-L. Recovery of regional but not global contractile function
by the direct intramyocardial autologous bone marrow transplantation: results from a randomized controlled
clinical trial. Circulation. 2006; 114:1101-7.

Van Ramshorst J, Bax JJ, Beeres SLMA, Dibbets-Schneider P, Roes SD, Stokkel MPM, de Roos A, Fibbe WE,
Zwaginga JJ, Boersma E, Schalij MJ, Atsma DE. Intramyocardial bone marrow cell injection for chronic
myocardial ischemia: a randomized controlled trial. JAMA. 2009; 301:1997-2004.

Briguori C, Reimers B, Sarais C, Napodano M, Pascotto P, Azzarello G, Bregni M, Porcellini A, Vinante O, Zanco P,
Peschle C, Condorelli G, Colombo A. Direct intramyocardial percutaneous delivery of autologous bone marrow
in patients with refractory myocardial angina. Am. Heart J. 2006; 151:674-80.

Fuchs S, Kornowski R, Weisz G, Satler LF, Smits PC, Okubagzi P, Baffour R, Aggarwal A, Weissman NJ, Cerqueira
M, Waksman R, Serrruys P, Battler A, Moses JW, Leon MB, Epstein SE. Safety and feasibility of transendocardial
autologous bone marrow cell transplantation in patients with advanced heart disease. Am. J. Cardiol. 2006;
97:823-9.

Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, Witzenbichler B, Schatteman G, Isner JM.
Isolation of putative progenitor endothelial cells for angiogenesis. Science. 1997; 275:964-7.

Asahara T, Kawamoto A, Masuda H. Concise review: Circulating endothelial progenitor cells for vascular
medicine. Stem Cells. 2011; 29:1650-5.

Prater DN, Case J, Ingram DA, Yoder MC. Working hypothesis to redefine endothelial progenitor cells.
Leukemia. 2007; 21:1141-9.

Schachinger V, Assmus B, Britten MB, Honold J, Lehmann R, Teupe C, Abolmaali ND, Vogl TJ, Hofmann WK,
Martin H, Dimmeler S, Zeiher AM. Transplantation of progenitor cells and regeneration enhancement in acute
myocardial infarction: final one-year results of the TOPCARE-AMI Trial. J Am Coll Cardiol. 2004; 44:1690-1699.

Bartunek J, Vanderheyden M, Vandekerckhove B, Mansour S, De Bruyne B, De Bondt P, Van Haute |, Lootens
N, Heyndrickx G, Wijns W. Intracoronary injection of CD133-positive enriched bone marrow progenitor
cells promotes cardiac recovery after recent myocardial infarction: feasibility and safety. Circulation. 2005;
112:1178-83.

Li Z, Zhang M, Jing Y, Zhang W, Liu Y, Cui L, Yuan L, Liu X, Yu X, Hu T. The clinical study of autologous peripheral
blood stem cell transplantation by intracoronary infusion in patients with acute myocardial infarction (AMI).
Int. J. Cardiol. 2007; 115:52-6.



52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

Cell-based therapies for cardiac repair | 45

Stamm C, Kleine H-D, Choi Y-H, Dunkelmann S, Lauffs J-A, Lorenzen B, David A, Liebold A, Nienaber C,
Zurakowski D, Freund M, Steinhoff G. Intramyocardial delivery of CD133+ bone marrow cells and coronary
artery bypass grafting for chronic ischemic heart disease: safety and efficacy studies. J. Thorac. Cardiovasc.
Surg. 2007; 133:717-25.

Donndorf P, Kaminski A, Tiedemann G, Kundt G, Steinhoff G. Validating intramyocardial bone marrow
stem cell therapy in combination with coronary artery bypass grafting, the PERFECT Phase Ill randomized
multicenter trial: study protocol for a randomized controlled trial. Trials. 2012; 13:99.

Losordo DW, Henry TD, Davidson C, Sup Lee J, Costa MA, Bass T, Mendelsohn F, Fortuin FD, Pepine CJ, Traverse
JH, Amrani D, Ewenstein BM, Riedel N, Story K, Barker K, Povsic TJ, Harrington RA, Schatz RA. Intramyocardial,
autologous CD34+ cell therapy for refractory angina. Circ. Res. 2011; 109:428-36.

Losordo DW, Kibbe MR, Mendelsohn F, Marston W, Driver VR, Sharafuddin M, Teodorescu V, Wiechmann BN,
Thompson C, Kraiss L, Carman T, Dohad S, Huang P, Junge CE, Story K, Weistroffer T, Thorne TM, Millay M,
Runyon JP, Schainfeld R. A randomized, controlled pilot study of autologous CD34+ cell therapy for critical
limb ischemia. Circ. Cardiovasc. Interv. 2012; 5:821-30.

Williams AR, Hare JM. Mesenchymal Stem Cells: Biology, Pathophysiology, Translational Findings, and
Therapeutic Implications for Cardiac Disease. Circ. Res. 2011; 109:923-940.

Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast colonies in monolayer cultures of
guinea-pig bone marrow and spleen cells. Cell Tissue Kinet. 1970; 3:393-403.

Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating A, Prockop D,
Horwitz E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy. 2006; 8:315-7.

Hoogduijn MJ, Crop MJ, Peeters AM, Korevaar SS, Eijken M, Drabbels JJ, Roelen DL, Maat AP, Balk AH, Weimar
W, Baan CC. Donor-derived mesenchymal stem cells remain present and functional in the transplanted
human heart. Am J Transpl. 2009; 9:222-230.

Da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells reside in virtually all post-natal
organs and tissues. J. Cell Sci. 2006; 119:2204-13.

Crisan M, Deasy B, Gavina M, Zheng B, Huard J, Lazzari L, Péault B. Purification and long-term culture of
multipotent progenitor cells affiliated with the walls of human blood vessels: myoendothelial cells and
pericytes. Methods Cell Biol. 2008; 86:295-309.

Choi Y-H, Kurtz A, Stamm C. Mesenchymal stem cells for cardiac cell therapy. Hum. Gene Ther. 2011; 22:3-17.

Quevedo HC, Hatzistergos KE, Oskouei BN, Feigenbaum GS, Rodriguez JE, Valdes D, Pattany PM, Zambrano
JP, Hu Q, McNiece |, Heldman AW, Hare JM. Allogeneic mesenchymal stem cells restore cardiac function
in chronic ischemic cardiomyopathy via trilineage differentiating capacity. Proc Natl Acad Sci USA. 2009;
106:14022-14027.

Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, Pan J, Sano M, Takahashi T, Hori S, Abe H, Hata J,
Umezawa A, Ogawa S. Cardiomyocytes can be generated from marrow stromal cells in vitro. J Clin Invest.
1999; 103:697-705.

Hakuno D, Fukuda K, Makino S, Konishi F, Tomita Y, Manabe T, Suzuki Y, Umezawa A, Ogawa S. Bone marrow-
derived regenerated cardiomyocytes (CMG Cells) express functional adrenergic and muscarinic receptors.
Circulation. 2002; 105:380-6.

Lai RC, Arslan F, Lee MM, Sze NSK, Choo A, Chen TS, Salto-Tellez M, Timmers L, Lee CN, El Oakley RM,
Pasterkamp G, de Kleijn DP V, Lim SK. Exosome secreted by MSC reduces myocardial ischemia/reperfusion
injury. Stem Cell Res. 2010; 4:214-22.

Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van Oorschot AA, Goumans MJ, Strijder C, Sze SK, Choo A,
Piek JJ, Doevendans PA, Pasterkamp G, de Kleijn DP. Human mesenchymal stem cell-conditioned medium
improves cardiac function following myocardial infarction. Stem Cell Res. 2011;

Arslan F, Lai RC, Smeets MB, Akeroyd L, Choo A, Aguor ENE, Timmers L, van Rijen H V, Doevendans PA,
Pasterkamp G, Lim SK, de Kleijn DP. Mesenchymal stem cell-derived exosomes increase ATP levels, decrease
oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse
remodeling after myocardial ischemia/reperfusion injury. Stem Cell Res. 2013; 10:301-312.

Chen S, Fang W, Ye F, Liu Y-H, Qian J, Shan S, Zhang J, Chunhua RZ, Liao L, Lin S, Sun J. Effect on left ventricular
function of intracoronary transplantation of autologous bone marrow mesenchymal stem cell in patients
with acute myocardial infarction. Am. J. Cardiol. 2004; 94:92-5.

Williams AR, Trachtenberg B, Velazquez DL, McNiece |, Altman P, Rouy D, Mendizabal AM, Pattany PM, Lopera
GA, Fishman J, Zambrano JP, Heldman AW, Hare JM. Intramyocardial stem cell injection in patients with
ischemic cardiomyopathy: functional recovery and reverse remodeling. Circ. Res. 2011; 108:792-6.



46

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.
87.

88.

89.

Chapter 2

Trachtenberg B, Velazquez DL, Williams AR, McNiece |, Fishman J, Nguyen K, Rouy D, Altman P, Schwarz
R, Mendizabal A, Oskouei B, Byrnes J, Soto V, Tracy M, Zambrano JP, Heldman AW, Hare JM. Rationale and
design of the Transendocardial Injection of Autologous Human Cells (bone marrow or mesenchymal) in
Chronic Ischemic Left Ventricular Dysfunction and Heart Failure Secondary to Myocardial Infarction (TAC-
HFT) trial: A randomized, double-blind. Am Hear. J. 2011; 161:487—-493.

Heldman AW, Difede DL, Fishman JE, Zambrano JP, Trachtenberg BH, Karantalis V, Mushtag M, Williams
AR, Suncion VY, McNiece IK, Ghersin E, Soto V, Lopera G, Miki R, Willens H, Hendel R, Mitrani R, Pattany P,
Feigenbaum G, Oskouei B, Byrnes J, Lowery MH, SierraJ, Pujol MV, Delgado C, Gonzalez PJ, Rodriguez JE, Bagno
LL, Rouy D, Altman P, Foo CWP, da Silva J, Anderson E, Schwarz R, Mendizabal A, Hare JM. Transendocardial
Mesenchymal Stem Cells and Mononuclear Bone Marrow Cells for Ischemic Cardiomyopathy: The TAC-HFT
Randomized Trial. JAMA. 2014 Jan 1;311(1):62-73

Mathiasen AB, Jgrgensen E, Qayyum AA, Haack-Sgrensen M, Ekblond A, Kastrup J. Rationale and design of
the first randomized, double-blind, placebo-controlled trial of intramyocardial injection of autologous bone-
marrow derived Mesenchymal Stromal Cells in chronic ischemic Heart Failure (MSC-HF Trial). Am. Heart J.
2012; 164:285-91.

Behfar A, Terzic A. Derivation of a cardiopoietic population from human mesenchymal stem cells yields
cardiac progeny. Nat. Clin. Pract. Cardiovasc. Med. 2006; 3 Suppl 1:578-82.

Behfar A, Yamada S, Crespo-Diaz R, Nesbitt JJ, Rowe LA, Perez-Terzic C, Gaussin V, Homsy C, Bartunek J, Terzic
A. Guided cardiopoiesis enhances therapeutic benefit of bone marrow human mesenchymal stem cells in
chronic myocardial infarction. J. Am. Coll. Cardiol. 2010; 56:721-34.

Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, Dens J, Nakadi B El, Banovic M, Beleslin
B, Vrolix M, Legrand V, Vrints C, Vanoverschelde JL, Crespo-Diaz R, Homsy C, Tendera M, Waldman S, Wijns
W, Terzic A. Cardiopoietic stem cell therapy in heart failure The C-CURE multicenter randomized trial with
lineage-specified biologics. J Am Coll Cardiol. 2013 Dec 24;62(25):2454-6

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso ZC, Fraser JK, Benhaim P, Hedrick MH.
Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell. 2002; 13:4279-4295.

Traktuev DO, Merfeld-Clauss S, Li J, Kolonin M, Arap W, Pasqualini R, Johnstone BH, March KL. A population
of multipotent CD34-positive adipose stromal cells share pericyte and mesenchymal surface markers, reside
in a periendothelial location, and stabilize endothelial networks. Circ Res. 2008; 102:77-85.

Rubina K, Kalinina N, Efimenko A, Lopatina T, Melikhova V, Tsokolaeva Z, Sysoeva V, Tkachuk V, Parfyonova
Y. Adipose stromal cells stimulate angiogenesis via promoting progenitor cell differentiation, secretion of
angiogenic factors, and enhancing vessel maturation. Tissue Eng Part A. 2009; 15:2039-2050.

Fraser JK, Schreiber R, Strem B, Zhu M, Alfonso Z, Wulur |, Hedrick MH. Plasticity of human adipose stem cells
toward endothelial cells and cardiomyocytes. Nat Clin Pr. Cardiovasc Med. 2006; 3 Suppl 1:533-7.

Valina C, Pinkernell K, Song YH, Bai X, Sadat S, Campeau RJ, Le Jemtel TH, Alt E. Intracoronary administration of
autologous adipose tissue-derived stem cells improves left ventricular function, perfusion, and remodelling
after acute myocardial infarction. Eur Heart J. 2007; 28:2667-2677.

Qayyum AA, Haack-Sgrensen M, Mathiasen AB, Jgrgensen E, Ekblond A, Kastrup J. Adipose-derived
mesenchymal stromal cells for chronic myocardial ischemia (MyStromalCell Trial): study design. Regen. Med.
2012; 7:421-8.

Atoui R, Chiu RCJ. Concise review: immunomodulatory properties of mesenchymal stem cells in cellular
transplantation: update, controversies, and unknowns. Stem Cells Transl. Med. 2012; 1:200-5.

Van den Akker F, Deddens JC, Doevendans PA, Sluijter JPG. Cardiac stem cell therapy to modulate inflammation
upon myocardial infarction. Biochim. Biophys. Acta. 2013; 1830:2449-58.

Frangogiannis NG. Regulation of the inflammatory response in cardiac repair. Circ. Res. 2012; 110:159-73.
Dimmeler S, Leri A. Aging and disease as modifiers of efficacy of cell therapy. Circ. Res. 2008; 102:1319-30.

Stolzing A, Jones E, McGonagle D, Scutt A. Age-related changes in human bone marrow-derived mesenchymal
stem cells: consequences for cell therapies. Mech. Ageing Dev. 2008; 129:163-73.

Yang Y-J, Qian H-Y, Huang J, Li J-J, Gao R-L, Dou K-F, Yang G-S, Willerson JT, Geng Y-J. Combined therapy with
simvastatin and bone marrow-derived mesenchymal stem cells increases benefits in infarcted swine hearts.
Arterioscler. Thromb. Vasc. Biol. 2009; 29:2076-82.

Makkar RR, Price MJ, Lill M, Frantzen M, Takizawa K, Kleisli T, Zheng J, Kar S, McClelan R, Miyamota T, Bick-
Forrester J, Fishbein MC, Shah PK, Forrester JS, Sharifi B, Chen P-S, Qayyum M. Intramyocardial injection
of allogenic bone marrow-derived mesenchymal stem cells without immunosuppression preserves cardiac
function in a porcine model of myocardial infarction. J. Cardiovasc. Pharmacol. Ther. 2005; 10:225-33.



90.

91.

92.

93.

94,

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Cell-based therapies for cardiac repair | 47

Silva G V, Litovsky S, Assad JAR, Sousa ALS, Martin BJ, Vela D, Coulter SC, Lin J, Ober J, Vaughn WK, Branco
RVC, Oliveira EM, He R, Geng Y-J, Willerson JT, Perin EC. Mesenchymal stem cells differentiate into an
endothelial phenotype, enhance vascular density, and improve heart function in a canine chronic ischemia
model. Circulation. 2005; 111:150-6.

Dixon JA, Gorman RC, Stroud RE, Bouges S, Hirotsugu H, Gorman 3rd JH, Martens TP, Itescu S, Schuster MD,
Plappert T, St John-Sutton MG, Spinale FG. Mesenchymal cell transplantation and myocardial remodeling
after myocardial infarction. Circulation. 2009; 120:5220-9.

Hatzistergos KE, Quevedo H, Oskouei BN, Hu Q, Feigenbaum GS, Margitich IS, Mazhari R, Boyle AJ, Zambrano
JP, Rodriguez JE, Dulce R, Pattany PM, Valdes D, Revilla C, Heldman AW, McNiece |, Hare JM. Bone marrow
mesenchymal stem cells stimulate cardiac stem cell proliferation and differentiation. Circ Res. 107:913-922.

Shabbir A, Zisa D, Suzuki G, Lee T. Heart failure therapy mediated by the trophic activities of bone marrow
mesenchymal stem cells: a noninvasive therapeutic regimen. Am. J. Physiol. Heart Circ. Physiol. 2009;
296:H1888-97.

Suzuki G, lyer V, Lee T-C, Canty JM. Autologous mesenchymal stem cells mobilize cKit+ and CD133+ bone
marrow progenitor cells and improve regional function in hibernating myocardium. Circ. Res. 2011;
109:1044-54.

Houtgraaf JH, de Jong R, Kazemi K, de Groot D, van der Spoel TIG, Arslan F, Hoefer IE, Pasterkamp G, Itescu
S, Geleijnse M, Zijlstra F, Serruys PWW, Duckers HJ. Intracoronary Infusion of Allogeneic Mesenchymal
Precursor Cells Directly Following Experimental Acute Myocardial Infarction Reduces Infarct Size, Abrogates
Adverse Remodeling and Improves Cardiac Function. Circ. Res. 2013;

Choi Y-H, Kurtz A, Stamm C. Mesenchymal stem cells for cardiac cell therapy. Hum. Gene Ther. 2011; 22:3-17.

Vulliet PR, Greeley M, Halloran SM, MacDonald K a, Kittleson MD. Intra-coronary arterial injection of
mesenchymal stromal cells and microinfarction in dogs. Lancet. 2004; 363:783-4.

Perin EC, Silva G V, Assad JA, Vela D, Buja LM, Sousa AL, Litovsky S, Lin J, Vaughn WK, Coulter S, Fernandes MR,
Willerson JT. Comparison of intracoronary and transendocardial delivery of allogeneic mesenchymal cells in
a canine model of acute myocardial infarction. J Mol Cell Cardiol. 2008; 44:486—-495.

Freyman T, Polin G, Osman H, Crary J, Lu M, Cheng L, Palasis M, Wilensky RL. A quantitative, randomized
study evaluating three methods of mesenchymal stem cell delivery following myocardial infarction. Eur.
Heart J. 2006; 27:1114-22.

Moelker AD, Baks T, Wever KM, Spitskovsky D, Wielopolski PA, van Beusekom HM, van Geuns RJ, Wnendt S,
Duncker DJ, van der Giessen WJ. Intracoronary delivery of umbilical cord blood derived unrestricted somatic
stem cells is not suitable to improve LV function after myocardial infarction in swine. J Mol Cell Cardiol. 2007,
42:735-745.

Gronthos S, Fitter S, Diamond P, Simmons PJ, Itescu S, Zannettino AC. A novel monoclonal antibody (STRO-
3) identifies an isoform of tissue nonspecific alkaline phosphatase expressed by multipotent bone marrow
stromal stem cells. Stem Cells Dev. 2007; 16:953-963.

See F, Seki T, Psaltis PJ, Sondermeijer HP, Gronthos S, Zannettino AC, Govaert KM, Schuster MD, Kurlansky PA,
Kelly DJ, Krum H, Itescu S. Therapeutic Effects of Human STRO-3-Selected Mesenchymal Precursor Cells and
their Soluble Factors in Experimental Myocardial Ischemia. J Cell Mol Med. 2010;

Psaltis PJ, Paton S, See F, Arthur A, Martin S, Itescu S, Worthley SG, Gronthos S, Zannettino AC. Enrichment
for STRO-1 expression enhances the cardiovascular paracrine activity of human bone marrow-derived
mesenchymal cell populations. J Cell Physiol. 2010; 223:530-540.

See F, Seki T, Psaltis PJ, Sondermeijer HP, Gronthos S, Zannettino ACW, Govaert KM, Schuster MD, Kurlansky
PA, Kelly DJ, Krum H, Itescu S. Therapeutic effects of human STRO-3-selected mesenchymal precursor cells
and their soluble factors in experimental myocardial ischemia. J. Cell. Mol. Med. 2011; 15:2117-29.

Hamamoto H, Gorman 3rd JH, Ryan LP, Hinmon R, Martens TP, Schuster MD, Plappert T, Kiupel M, St John-
Sutton MG, Itescu S, Gorman RC. Allogeneic mesenchymal precursor cell therapy to limit remodeling after
myocardial infarction: the effect of cell dosage. Ann Thorac Surg. 2009; 87:794-801.

Cheng Y, Yi G, Conditt GB, Sheehy A, Kolodgie FD, Tellez A, Polyakov I, Gu A, Aboodi MS, Wallace-Bradley
D, Schuster M, Martens T, Itescu S, Kaluza GL, Basu S, Virmani R, Granada JF, Sherman W. Catheter-Based
Endomyocardial Delivery of Mesenchymal Precursor Cells Using 3D Echo Guidance Improves Cardiac
Function in a Chronic Myocardial Injury Ovine Model. Cell Transplant. 2013;22(12):2299-309

Hare JM, Fishman JE, Gerstenblith G, DiFede Velazquez DL, Zambrano JP, Suncion VY, Tracy M, Ghersin E,
Johnston PV, Brinker JA, Breton E, Davis-Sproul J, Schulman IH, Byrnes J, Mendizabal AM, Lowery MH, Rouy
D, Altman P, Wong Po Foo C, Ruiz P, Amador A, Da Silva J, McNiece IK, Heldman AW. Comparison of allogeneic



48 |

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

Chapter 2

vs autologous bone marrow—derived mesenchymal stem cells delivered by transendocardial injection in
patients with ischemic cardiomyopathy: the POSEIDON randomized trial. JAMA. 2012; 308:2369-79.

Hou D, Youssef EA-S, Brinton TJ, Zhang P, Rogers P, Price ET, Yeung AC, Johnstone BH, Yock PG, March KL.
Radiolabeled cell distribution after intramyocardial, intracoronary, and interstitial retrograde coronary
venous delivery: implications for current clinical trials. Circulation. 2005; 112:1150-6.

Van der Spoel TIG, Vrijsen KR, Koudstaal S, Sluijter JPG, Nijsen JFW, de Jong HW, Hoefer IE, Cramer M-JM,
Doevendans PA, van Belle E, Chamuleau SAJ. Transendocardial cell injection is not superior to intracoronary
infusion in a porcine model of ischaemic cardiomyopathy: a study on delivery efficiency. J. Cell. Mol. Med.
2012; 16:2768-76.

Trouche E, Girod Fullana S, Mias C, Ceccaldi C, Tortosa F, Seguelas MH, Calise D, Parini a, Cussac D, Sallerin B.
Evaluation of alginate microspheres for mesenchymal stem cell engraftment on solid organ. Cell Transplant.
2010; 19:1623-33.

Houtgraaf JH, de Jong R, Monkhorst K, Tempel D, van de Kamp E, den Dekker WK, Kazemi K, Hoefer I,
Pasterkamp G, Lewis AL, Stratford PW, Wallrapp C, Zijlstra F, Duckers HJ. Feasibility of intracoronary GLP-1
eluting CellBead™ infusion in acute myocardial infarction. Cell Transplant. 2013; 22:535-43.

Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, Walsh S, Zupicich J, Alkass K, Buchholz BA,
Druid H, Jovinge S, Frisén J. Evidence for cardiomyocyte renewal in humans. Science. 2009; 324:98-102.

Kajstura J, Rota M, Cappetta D, Ogérek B, Arranto C, Bai Y, Ferreira-Martins J, Signore S, Sanada F, Matsuda A,
Kostyla J, Caballero M-V, Fiorini C, D’Alessandro DA, Michler RE, del Monte F, Hosoda T, Perrella MA, Leri A,
Buchholz BA, Loscalzo J, Anversa P. Cardiomyogenesis in the aging and failing human heart. Circulation. 2012;
126:1869-81.

Weil BR, Canty JM. Stem cell stimulation of endogenous myocyte regeneration. Clin. Sci. (Lond). 2013;
125:109-19.
Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, De Angelis A, Yasuzawa-Amano S, Trofimova |, Siggins

RW, Lecapitaine N, Cascapera S, Beltrami AP, D’Alessandro DA, Zias E, Quaini F, Urbanek K, Michler RE, Bolli R,
Kajstura J, Leri A, Anversa P. Human cardiac stem cells. Proc. Natl. Acad. Sci. USA 2007; 104:14068-73.

Beltrami AP, Urbanek K, Kajstura J, Yan SM, Finato N, Bussani R, Nadal-Ginard B, Silvestri F, Leri A, Beltrami CA,
Anversa P. Evidence that human cardiac myocytes divide after myocardial infarction. N. Engl. J. Med. 2001;
344:1750-7.

Raval Z, Losordo DW. On the fabric of the human body. Circulation. 2012; 126:1812-4.

Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S, Kasahara H, Rota M, Musso E, Urbanek K,
Leri A, Kajstura J, Nadal-Ginard B, Anversa P. Adult cardiac stem cells are multipotent and support myocardial
regeneration. Cell. 2003; 114:763-76.

Tang X-L, Rokosh G, Sanganalmath SK, Yuan F, Sato H, Mu J, Dai S, Li C, Chen N, Peng Y, Dawn B, Hunt G, Leri
A, Kajstura J, Tiwari S, Shirk G, Anversa P, Bolli R. Intracoronary administration of cardiac progenitor cells
alleviates left ventricular dysfunction in rats with a 30-day-old infarction. Circulation. 2010; 121:293-305.
Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, Fiordaliso F, Salio M, Battaglia M, Latronico MVG,
Coletta M, Vivarelli E, Frati L, Cossu G, Giacomello A. Isolation and expansion of adult cardiac stem cells from
human and murine heart. Circ. Res. 2004; 95:911-21.

Smith RR, Barile L, Cho HC, Leppo MK, Hare JM, Messina E, Giacomello A, Abraham MR, Marban E.
Regenerative potential of cardiosphere-derived cells expanded from percutaneous endomyocardial biopsy
specimens. Circulation. 2007; 115:896-908.

Li T-S, Cheng K, Lee S-T, Matsushita S, Davis D, Malliaras K, Zhang Y, Matsushita N, Smith RR, Marban E.
Cardiospheres recapitulate a niche-like microenvironment rich in stemness and cell-matrix interactions,
rationalizing their enhanced functional potency for myocardial repair. Stem Cells. 2010; 28:2088-98.

Li T-S, Cheng K, Malliaras K, Smith RR, Zhang Y, Sun B, Matsushita N, Blusztajn A, Terrovitis J, Kusuoka H,
Marban L, Marban E. Direct comparison of different stem cell types and subpopulations reveals superior
paracrine potency and myocardial repair efficacy with cardiosphere-derived cells. J. Am. Coll. Cardiol. 2012;
59:942-53.

Johnston PV, Sasano T, Mills K, Evers R, Lee S-T, Smith RR, Lardo AC, Lai S, Steenbergen C, Gerstenblith G,
Lange R, Marbdn E. Engraftment, differentiation, and functional benefits of autologous cardiosphere-derived
cells in porcine ischemic cardiomyopathy. Circulation. 2009; 120:1075-83.

Mummery C, Ward-van Oostwaard D, Doevendans P, Spijker R, van den Brink S, Hassink R, van der Heyden
M, Opthof T, Pera M, de la Riviere AB, Passier R, Tertoolen L. Differentiation of human embryonic stem cells
to cardiomyocytes: role of coculture with visceral endoderme-like cells. Circulation. 2003; 107:2733-40.



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Cell-based therapies for cardiac repair | 49

Kehat I, Kenyagin-Karsenti D, Snir M, Segev H, Amit M, Gepstein A, Livne E, Binah O, Itskovitz-Eldor J, Gepstein
L. Human embryonic stem cells can differentiate into myocytes with structural and functional properties of
cardiomyocytes. J. Clin. Invest. 2001; 108:407-14.

Ménard C, Hagége AA, Agbulut O, Barro M, Morichetti MC, Brasselet C, Bel A, Messas E, Bissery A, Bruneval
P, Desnos M, Pucéat M, Menasché P. Transplantation of cardiac-committed mouse embryonic stem cells to
infarcted sheep myocardium: a preclinical study. Lancet. 366:1005-12.

Min J-Y, Yang Y, Sullivan MF, Ke Q, Converso KL, Chen Y, Morgan JP, Xiao Y-F. Long-term improvement of
cardiac function in rats after infarction by transplantation of embryonic stem cells. J. Thorac. Cardiovasc.
Surg. 2003; 125:361-9.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007; 131:861-72.

Schenke-Layland K, Rhodes KE, Angelis E, Butylkova Y, Heydarkhan-Hagvall S, Gekas C, Zhang R, Goldhaber
JI, Mikkola HK, Plath K, MacLellan WR. Reprogrammed mouse fibroblasts differentiate into cells of the
cardiovascular and hematopoietic lineages. Stem Cells. 2008; 26:1537-46.

ZhangJ, Wilson GF, Soerens AG, Koonce CH, Yu J, Palecek SP, Thomson JA, Kamp TJ. Functional cardiomyocytes
derived from human induced pluripotent stem cells. Circ. Res. 2009; 104:e30-41.

Nelson TJ, Martinez-Fernandez A, Yamada S, Perez-Terzic C, lkeda Y, Terzic A. Repair of acute myocardial
infarction by human stemness factors induced pluripotent stem cells. Circulation. 2009; 120:408-16.

Okano H, Nakamura M, Yoshida K, Okada Y, Tsuji O, Nori S, Ikeda E, Yamanaka S, Miura K. Steps toward safe
cell therapy using induced pluripotent stem cells. Circ. Res. 2013; 112:523-33.

Dierickx P, Doevendans PA, Geijsen N, van Laake LW. Embryonic template-based generation and purification
of pluripotent stem cell-derived cardiomyocytes for heart repair. J. Cardiovasc. Transl. Res. 2012; 5:566—80.

leda M, Fu J-D, Delgado-Olguin P, Vedantham V, Hayashi Y, Bruneau BG, Srivastava D. Direct reprogramming
of fibroblasts into functional cardiomyocytes by defined factors. Cell. 2010; 142:375-86.

Song K, Nam Y-J, Luo X, Qi X, Tan W, Huang GN, Acharya A, Smith CL, Tallquist MD, Neilson EG, Hill JA, Bassel-
Duby R, Olson EN. Heart repair by reprogramming non-myocytes with cardiac transcription factors. Nature.
2012; 485:599-604.

Qian L, Huang Y, Spencer Cl, Foley A, Vedantham V, Liu L, Conway SJ, Fu J, Srivastava D. In vivo reprogramming
of murine cardiac fibroblasts into induced cardiomyocytes. Nature. 2012; 485:593-8.

Schuleri KH, Amado LC, Boyle AJ, Centola M, Saliaris AP, Gutman MR, Hatzistergos KE, Oskouei BN, Zimmet
JM, Young RG, Heldman AW, Lardo AC, Hare JM. Early improvement in cardiac tissue perfusion due to
mesenchymal stem cells. Am J Physiol Hear. Circ Physiol. 2008; 294:H2002-11.

Schachinger V, Tonn T, Dimmeler S, Zeiher AM. Bone-marrow-derived progenitor cell therapy in need of proof
of concept: design of the REPAIR-AMI trial. Nat Clin Pr. Cardiovasc Med. 2006; 3 Suppl 1:523-8.

Britten MB, Abolmaali ND, Assmus B, Lehmann R, Honold J, Schmitt J, Vogl TJ, Martin H, Schachinger V,
Dimmeler S, Zeiher a M. Infarct remodeling after intracoronary progenitor cell treatment in patients with
acute myocardial infarction (TOPCARE-AMI): mechanistic insights from serial contrast-enhanced magnetic
resonance imaging. Circulation. 2003; 108:2212-8.

Schéachinger V, Assmus B, Britten MB, Honold J, Lehmann R, Teupe C, Abolmaali ND, Vogl TJ, Hofmann W-K,
Martin H, Dimmeler S, Zeiher AM. Transplantation of progenitor cells and regeneration enhancement in
acute myocardial infarction: final one-year results of the TOPCARE-AMI Trial. J. Am. Coll. Cardiol. 2004;
44:1690-9.

Jeevanantham V, Butler M, Saad A, Abdel-Latif A, Zuba-Surma EK, Dawn B. Adult bone marrow cell therapy
improves survival and induces long-term improvement in cardiac parameters: a systematic review and meta-
analysis. Circulation. 2012; 126:551-68.

Traverse JH, Henry TD, Ellis SG, Pepine CJ, Willerson JT, Zhao DXM, Forder JR, Byrne BJ, Hatzopoulos AK, Penn
MS, Perin EC, Baran KW, Chambers J, Lambert C, Raveendran G, Simon DI, Vaughan DE, Simpson LM, Gee
AP, Taylor DA, Cogle CR, Thomas JD, Silva G V, Jorgenson BC, Olson RE, Bowman S, Francescon J, Geither C,
Handberg E, Smith DX, Baraniuk S, Piller LB, Loghin C, Aguilar D, Richman S, Zierold C, Bettencourt J, Sayre SL,
Vojvodic RW, Skarlatos SI, Gordon DJ, Ebert RF, Kwak M, Moyé LA, Simari RD. Effect of intracoronary delivery
of autologous bone marrow mononuclear cells 2 to 3 weeks following acute myocardial infarction on left
ventricular function: the LateTIME randomized trial. JAMA. 2011; 306:2110-9.

Reimer KA, Lowe JE, Rasmussen MM, Jennings RB. The wavefront phenomenon of ischemic cell death. 1.
Myocardial infarct size vs duration of coronary occlusion in dogs. Circulation. 1977; 56:786-94.

Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N. Engl. J. Med. 2007; 357:1121-35.



50 |

146.

147.

148.

149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.
163.

164.

Chapter 2

Van der Spoel Tl, Lee JC, Vrijsen K, Sluijter JP, Cramer MJ, Doevendans PA, van Belle E, Chamuleau SA. Non-
surgical stem cell delivery strategies and in vivo cell tracking to injured myocardium. Int J Cardiovasc Imaging.
2010; 27:367-383.

Dib N, Khawaja H, Varner S, McCarthy M, Campbell A. Cell therapy for cardiovascular disease: a comparison
of methods of delivery. J. Cardiovasc. Transl. Res. 2011; 4:177-81.

Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski M, Rovner A, Ellis SG, Thomas JD, DiCorleto
PE, Topol EJ, Penn MS. Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue regeneration in
ischaemic cardiomyopathy. Lancet. 2003; 362:697-703.

Penna C, Raimondo S, Ronchi G, Rastaldo R, Mancardi D, Cappello S, Losano G, Geuna S, Pagliaro P. Early
homing of adult mesenchymal stem cells in normal and infarcted isolated beating hearts. J Cell Mol Med.
2008; 12:507-521.

Dong F, Harvey J, Finan A, Weber K, Agarwal U, Penn MS. Myocardial CXCR4 expression is required for
mesenchymal stem cell mediated repair following acute myocardial infarction. Circulation. 2012; 126:314—
24.

Penn MS. Importance of the SDF-1:CXCR4 axis in myocardial repair. Circ Res. 2009; 104:1133-1135.

Tossios P, Krausgrill B, Schmidt M, Fischer T, Halbach M, Fries JWU, Fahnenstich S, Frommolt P, Heppelmann
I, Schmidt A, Schomacker K, Fischer JH, Bloch W, Mehlhorn U, Schwinger RHG, Miiller-Ehmsen J. Role of
balloon occlusion for mononuclear bone marrow cell deposition after intracoronary injection in pigs with
reperfused myocardial infarction. Eur. Heart J. 2008; 29:1911-21.

Schachinger V, Aicher A, Dobert N, Rover R, Diener J, Fichtlscherer S, Assmus B, Seeger FH, Menzel C, Brenner
W, Dimmeler S, Zeiher AM. Pilot trial on determinants of progenitor cell recruitment to the infarcted human
myocardium. Circulation. 2008; 118:1425-1432.

Minguell JJ, Lorino R, Lasala GP. Myocardial implantation of a combination stem cell product by using a
transendocardial MYOSTAR injection catheter: A technical assessment. Acute Card. Care. 2011; 13:40-2.

Amado LC, Saliaris AP, Schuleri KH, St John M, Xie JS, Cattaneo S, Durand D), Fitton T, Kuang JQ, Stewart G,
Lehrke S, Baumgartner WW, Martin BJ, Heldman AW, Hare JM. Cardiac repair with intramyocardial injection
of allogeneic mesenchymal stem cells after myocardial infarction. Proc Natl Acad Sci U S A. 2005; 102:11474—
11479.

Perin EC, Silva G V, Henry TD, Cabreira-Hansen MG, Moore WH, Coulter SA, Herlihy JP, Fernandes MR,
Cheong BY, Flamm SD, Traverse JH, Zheng Y, Smith D, Shaw S, Westbrook L, Olson R, Patel D, Gahremanpour
A, Canales J, Vaughn WK, Willerson JT. A randomized study of transendocardial injection of autologous bone
marrow mononuclear cells and cell function analysis in ischemic heart failure (FOCUS-HF). Am Hear. J. 2011;
161:1078-1087 e3.

Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, Dens J, Nakadi B El, Banovic M, Beleslin
B, Vrolix M, Legrand V, Vrints C, Vanoverschelde JL, Crespo-Diaz R, Homsy C, Tendera M, Waldman S, Wijns
W, Terzic A. Cardiopoietic stem cell therapy in heart failure The C-CURE multicenter randomized trial with
lineage-specified biologics. J. Am. Coll. Cardiol. 2013;

Perin EC. Assessing Myocardial Viability and Infarct Transmurality With Left Ventricular Electromechanical
Mapping in Patients With Stable Coronary Artery Disease: Validation by Delayed-Enhancement Magnetic
Resonance Imaging. Circulation. 2002; 106:957-961.

Kumar A, Haralampus CA, Hughes M, Rouy D, Cresswell N, Braun R, Turner D, Amrani D, Motlagh D, Schaer
GL. Assessment of safety, accuracy, and human CD34+ cell retention after intramyocardial injections with a
helical needle catheter in a porcine model. Catheter. Cardiovasc. Interv. 2013; 81:970-7.

Leonhardt H, Spencer R. SR200 MyoCath percutaneous microimplant delivery system. Eurolntervention.
2006; 1:480-1.

Lederman RJ, Guttman MA, Peters DC, Thompson RB, Sorger JM, Dick AJ, Raman VK, McVeigh ER. Catheter-
based endomyocardial injection with real-time magnetic resonance imaging. Circulation. 2002; 105:1282—4.
Choi Y-H, Nasseri B, Stamm C. Cardiac cell therapy and bypass surgery. Curr. Pharm. Des. 2011; 17:3348-55.
Kanashiro-Takeuchi RM, Schulman IH, Hare JM. Pharmacologic and genetic strategies to enhance cell therapy
for cardiac regeneration. J. Mol. Cell. Cardiol. 2011; 51:619-25.

Chamorro-Jorganes A, Araldi E, Penalva LOF, Sandhu D, Fernandez-Hernando C, Sudrez Y. MicroRNA-16 and
microRNA-424 regulate cell-autonomous angiogenic functions in endothelial cells via targeting vascular
endothelial growth factor receptor-2 and fibroblast growth factor receptor-1. Arterioscler. Thromb. Vasc.
Biol. 2011; 31:2595-606.



165.

166.

167.

168.

169.

170.

171.

172.

173.

Cell-based therapies for cardiac repair | 51

Penn MS, Mendelsohn FO, Schaer GL, Sherman W, Farr M, Pastore J, Rouy D, Clemens R, Aras R, Losordo DW.
An Open Label Dose Escalation Study to Evaluate the Safety of Administration of Non-Viral SDF-1 Plasmid to
Treat Symptomatic Ischemic Heart Failure. Circ. Res. 2013;

Traverse JH. Using Biomaterials to Improve the Efficacy of Cell Therapy Following Acute Myocardial Infarction.
2012;:67-72.

Karam J-P, Muscari C, Montero-Menei CN. Combining adult stem cells and polymeric devices for tissue
engineering in infarcted myocardium. Biomaterials. 2012; 33:5683-95.

Cook SA, Matsui T, Li L, Rosenzweig A. Transcriptional effects of chronic Akt activation in the heart. J. Biol.
Chem. 2002; 277:22528-33.

Li W, Ma N, Ong L-L, Nesselmann C, Klopsch C, Ladilov Y, Furlani D, Piechaczek C, Moebius JM, Liutzow K,
Lendlein A, Stamm C, Li R-K, Steinhoff G. Bcl-2 engineered MSCs inhibited apoptosis and improved heart
function. Stem Cells. 2007; 25:2118-27.

Muraski JA, Rota M, Misao Y, Fransioli J, Cottage C, Gude N, Esposito G, Delucchi F, Arcarese M, Alvarez R,
Siddiqi S, Emmanuel GN, Wu W, Fischer K, Martindale JJ, Glembotski CC, Leri A, Kajstura J, Magnuson N, Berns
A, Beretta RM, Houser SR, Schaefer EM, Anversa P, Sussman MA. Pim-1 regulates cardiomyocyte survival
downstream of Akt. Nat. Med. 2007; 13:1467-75.

Pashaz, WangY, Sheikh R, Zhang D, Zhao T, Ashraf M. Preconditioning enhances cell survival and differentiation
of stem cells during transplantation in infarcted myocardium. Cardiovasc. Res. 2008; 77:134-42.

Patel RAG, Glover DK, Broisat A, Kabul HK, Ruiz M, Goodman NC, Kramer CM, Meerdink DJ, Linden J, Beller
GA. Reduction in myocardial infarct size at 48 hours after brief intravenous infusion of ATL-146e, a highly
selective adenosine A2A receptor agonist. Am. J. Physiol. Heart Circ. Physiol. 2009; 297:H637-42.

Pons J, Huang Y, Arakawa-Hoyt J, Washko D, Takagawa J, Ye J, Grossman W, Su H. VEGF improves survival of
mesenchymal stem cells in infarcted hearts. Biochem. Biophys. Res. Commun. 2008; 376:419-22.






CHAPTER 3

Intracoronary Stem Cell Infusion
Following Acute Myocardial Infarction:
A Meta-analysis and Update on Clinical Trials

Renate de Jong
Jaco H. Houtgraaf
Sanaz Samiei

Eric Boersma

Henricus J. Duckers

Circ Cardiovasc Interv. 2014 Apr;7(2):156-67



54 | Chapter3

ABSTRACT

Background Several cell-based therapies for the adjunctive treatment of acute myocardial infarction
(AMI) have been investigated in multiple clinical trials, but the benefits still remain controversial. This
meta-analysis aims to evaluate the efficacy of BMMNC therapy in AMI patients, but also explores the
effect of newer generations of stem cells.

Methods and Results A random-effects meta-analysis was performed on randomized controlled trials
(RCT) investigating the effects of stem cell therapy in patients with AMI that were published between
January 2002 and September 2013. The defined endpoints were left ventricular ejection fraction
(LVEF), left ventricular end-systolic and end-diastolic volumes (LVESV/LVEDV), infarct size and major
adverse cardiac and cerebral event (MACCE) rates. Also several subgroup analyses were performed on
BMMNC trials. Overall, combining results of 22 RCTs, LVEF increased by +2.10% (95% Cl, 0.68- 3.52 ,
P=0.004) in the BMMNC group as compared to controls, evoked by a preservation of LVESV (-4.05 ml;
95% Cl, -6.91- -1.18, P=0.006), and a reduction in infarct size (IS; -2.69%; 95% Cl, -4.83--0.56, P=0.01).
However, there is no effect on cardiac function, volumes, nor infarct size, when only randomized
controlled trials (n=9) were analyzed that used MRI-derived endpoints. Moreover, no beneficial effect
could be detected on MACCE rates following BMMNC infusion after median follow-up duration of 6
months.

Conclusions Intracoronary infusion of BMMNC is safe, but does not enhance cardiac function on MRI-
derived parameters, nor does it improve clinical outcome. New and possibly more potent stem cells

are emerging in the field, but their clinical efficacy still needs to be defined in future trials.
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INTRODUCTION

Despite advancements in treatment options, ischemic heart failure (IHF) remains the leading cause of
morbidity and mortality in the Western world.* Therefore, the search for new therapeutic strategies to
prevent adverse ventricular remodeling following acute myocardial infarction (AMI) and subsequent
development of IHF is ongoing. More than a decade after the first patient with an AMI was treated with
intracoronary infusion of unfractioned bone marrow-derived mononuclear cells (BMMNC)?, numerous
clinical studies have investigated cell-based therapy as an adjuvant treatment in AMI patients. These
studies have repeatedly shown that stem cell therapy is safe and feasible. However, although initial
results were promising with significant improvement in left ventricular (LV) function and volumes 37,
other studies showed ambiguous or even negative results.5 This controversy resulted in an continued
search for new cell types, and methods to improve outcomes, but still many questions remain.

Thus far, it has been difficult to make solid statements on efficacy and long-term effects on clinical
outcomes of cellular therapy due to the limited number of treated patients, and the relatively short
follow up (FU) period. However, recently, some larger studies reported their primary results, whereas
other studies presented long-term FU data.>%-12

Several meta-analysis regarding BMMNC for the treatment of AMI and ischemic heart failure have
been published to date.*** These analyses showed an improvement of only 2-3% on left ventricular
ejection fraction (LVEF), and a significant reduction of major adverse cardiac and cerebrovascular events
(MACCE; for example all-cause mortality; OR 0.39; 95% Cl 0.27-0.55).2* However, these manuscripts
only evaluated the use of autologous BMMNC on cardiac repair, whereas several other cell types have
now been investigated to date. Moreover, in the most cited meta-analysis of Jeevanantham, data of
AMI and IHF patients were pooled for the evaluation of clinical outcome parameters and subgroup
analyses, which might have clouded the outcome in AMI patients.*

The current meta-analysis focuses solely on AMI patients, who have been treated with an infusion of
BMMNC, but also autologous or allogeneic mesenchymal stem cells (MSC), adipose tissue-derived
regenerative cells (ADRC) or cardiosphere-derived cells (CDC). It thereby provides a side-by-side
comparison of BMMNC and other cell populations in AMI patients.

METHODS

This meta-analysis was executed according to the Quorum statements.® Briefly, a random effect meta-
analysis was performed that included all randomized controlled trials regarding stem cell therapy for
the treatment of AMI, published on Medline (Pubmed) between July 2002 and September 2013.
BMMNC were the main focus in this study, as the majority of studies to date assessed this specific cell
type. Moreover, the effects of BMMNC therapy were compared with newer generations of stem cells,
including MSC, bone marrow progenitors (CD133+/CD34+ cells), ADRC and CDC. The following search

”ou ”n o« ” ou

strategy was applied: “stem cells”, “progenitor cells”, “mononuclear cells”, “adipose tissue-derived

”ou o ” u

regenerative cells”, “mesenchymal stem cells’, “cardiac-derived stem cells”, “bone marrow”, “vascular

”n ou ”ou ” o«

stromal fraction”, “adipose stem cells”, “mesenchymal-like stem cells”, “coronary artery disease”,
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“myocardial infarction”, “cardiac repair”, and “myocardial regeneration”. Only articles published in
English were included (Supplement Table I). Studies were included that met the following criteria: (1)
randomized controlled trials with an appropriate control group who received standard therapy, (2)
conducted in patients with an AMI that occurred less than 3 months before, (3) using stem cells that
were administered by intracoronary or intravenous injection, (4) total of number of patients enrolled
should exceed 10, (5) stem cells were derived from adipose tissue, bone marrow or heart, (6) given in
an allogeneic or autologous setting.

Data abstraction and analysis was performed by three different researchers (RdJ, JH, SS) and reported
on standardized forms. LVEF, left ventricular end-systolic volume (LVESV), left ventricular end-diastolic
volume (LVEDV) and infarct size were assessed as outcome measures as well as clinical outcome.
Additional subgroup analyses were performed within the RCTs that investigated BMMNC therapy,
in an attempt to gain more insight into possible discriminating parameters or conditions that might
improve outcome in future trials.

Subgroup analyses that were conducted are: (1) follow up (FU) duration of 6 months, 6-18 months,
and 18-60 months; (2) the different imaging modalities that were used to assess LVEF, LV volumes
and infarct size; (3) LVEF at baseline (<40%, <45%, <50%, >50%); (4) the amount of infused cells (<50
million, <100 million, >100 million), (4) timing of delivery (< 2 days, 2-7 days (7 days was the median in
this analysis), > 8 days after Ml); (5) delivery method (intracoronary ‘stop-flow’ technique, continuous
intracoronary infusion); (6) location of AMI (anterior wall versus all other AMI locations ); (7) the used
cell preparation method and the use of heparin in the final cell suspension; and (8) Lymphoprep versus

Ficoll-based isolation.

Data analysis

Left ventricular function was the primary endpoint of our analysis. In particular, we studied the
difference in mean LV ejection fraction change (LVEF, from baseline to follow-up) between patients
receiving stem cells and control treatment. We have applied inverse-variance weighting to combine
the results from independent studies. Most studies reported mean LVEF *+ one standard deviation
(SD) at baseline and follow-up. The mean LVEF was then determined as LVEF - LVEF

change follow-up baseline’

whereas the Dy ange WS estimated according to the method that is described by Hristov et al.*’ For
studies that report standard errors of the mean (SEM), SDs were determined as SEM*V(sample size).
In case interquartile ranges are reported, SDs are estimated as range/4. We applied a random effects
model to obtain an overall estimate of the treatment effect, which we report as point estimate and
95% confidence interval (Cl). Heterogeneity was analyzed with the I?statistic, and was defined as low
(25%-50%), intermediate (50%-75%) or high (>75%).

We have applied similar methodology to study several secondary endpoints, including (mean changes
in) left ventricular end systolic (LVESV) and end diastolic (LVEDV) volumes, infarct size as measured by
cardiac MRI, and perfusion defect as measured by SPECT. We applied the Mantel-Haenszel odds ratio

to obtain an overall estimate of the odds ratio for MACCE, again assuming random effects.
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All analyses were performed using Review Manager 5.2 analysis software (Rev Man, Version 5.2,
Copenhagen, The Nordic Cochrane Centre, The Cochrane collaboration, 2012). We considered p-values
<0.05 (two-sided) as statistical significant. Funnel plots were constructed to explore publication bias.
A detailed description of the methods can be found in the material and methods section in the data

supplement.

RESULTS

Search results

The final search on September 1%t 2013 resulted in a total of 386 articles. The majority of articles
were excluded, due to study subject (chronic heart failure or G-CSF treatment), duplicate reports or
reviews, resulting in a total of 47 studies. When cohort studies were omitted, 42 articles were used
in final analysis.>710111852we aimed to assess whether intracoronary transfer of autologous bone-
marrow cells could improve global left-ventricular ejection fraction (LVEF Finally, a total of 30 RCTs
were used in this meta-analysis, comprising a total of 2037 patients, 1218 of whom were treated
with cells (Supplemental Figure A). Twenty-two RCTs investigated BMMNC for cardiac repair, whereas
3 trials investigated MSC or MSC-like cells, 4 trials subjected bone marrow progenitors and 1 trial
investigated the effects of CDC.

Study Quality
The quality of the RCT was assessed by the JUni criteria (Supplemental Table 11).>® In 60% of the RCTs,

patients and or investigators were not blinded for the cell intervention. Control patients did not
undergo a sham biopsy and infusion of cells in most of these studies. Patient follow-up was completed

in all studies.

Study Characteristics

The average of participating patients per study was 68 + 51 patients, whereas the median was 45
patients (range 14-200). Most studies used a 1:1 randomization scheme. The median follow-up
duration in all studies was 6 months (range 3-60 Months). The median amount of infused viable cells
was 100 million (range from 5 x 10°to 60 x 10°) and the cells were infused after a median of 7 days
(range <24 hours to 3 months). MRI was the imaging modality of choice for FU of LV function in 40%
of the RCTs (Supplemental Table Il1).

BMMNC: Cardiac parameters

Overall, BMMNC infusion increased LVEF by +2.10% (95% Cl, 0.68-3.52, P=0.004; Figure 1A; 21 trials).
LVEDV decreased by -2.80 ml (95% Cl, -6.03-0.44, P=0.09; Figure 1C), whereas LVESV decreased by
-4.05 mL (95% Cl, -6.91- -1.18, P=0.006; Figure 1D) in the cell therapy group. Infarct size was reduced
by -2.69% (95% Cl, -4.83- -0.56, P=0.01; Figure 1B).
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BMMNC: Subgroup analyses

1. Effects of BMMNC transplantation over time

Subgroup analysis revealed that at 6 months FU (n= 21 RCT) the LVEF increased by +2.08% (95% ClI,
0.55- 3.60, P=0.008; Table 1). At 12 months (n= 8) this beneficial effect was sustained and increased to
more pronounced effect of +3.04% (95% Cl, 1.27-4.81, P= 0.0008) when compared to control. At 36-60
months FU (n=3), this treatment effect disappeared to +1.19% (95% Cl, -2.74- 5.12, P=0.55) (Table 1).
This increase in LVEF up to 18 months FU, was mainly due to a preservation of LVESV in the BMMNC
group (as opposed to the control group). In the treatment group, LVESV progressively decreased by
-4.84 mL (95% Cl, -7.69- -2.00, P=0.0008) at 6 months FU and -3.56 ml at 18 month FU (95% Cl, -6.87-
-0.25, P=0.03). Infarct size was significantly reduced at 6 months FU (-2.69%, 95% Cl,-4.83 - -0.56,
P=0.01) and 18 month FU (-3.71%, 95% Cl, -6.99- -0.43, P=0.03). This significant effect on infarct size
diminished at long term FU (>18 month FU; -0.82%, 95% Cl, -3.78-2.15, P=0.59).

Table 1. Effects of BMMNC transplantation over time

LVEF Difference in mean, (95% Cl) P-value
< 6months 2.08 [0.55, 3.60] 0.009
6-18 months 3.04[1.27,4.81] 0.0008
>18-60 months 1.19[-2.74,5.12] 0.55
LVEDV

< 6months -3.18 [-6.59, 0.24] 0.07
6-18 months -1.75[-6.28, 2.79] 0.45
> 18-60 months -1.75 [-6.57, 3.07] 0.48
LVESV

< 6months -4.84 [-7.69, -2.00] 0.0008
6-18 months -3.56 [-6.87, -0.25] 0.03
>18-60 months -0.44 [-9.94, 9.07] 0.06
Infarct size

< 6months -2.69 [-4.83, -0.56] 0.01
6-18 months -3.71[-6.99, -0.43] 0.03
> 18-60 months -0.82 [-3.78, 2.15] 0.59

The beneficial effect of BMMNC therapy on left ventricular ejection fraction (LVEF) was maintained during 18 year
follow-up. This effect on LVEF was mainly due to a preservation of left ventricular end-systolic volume (LVESV). The
effects diminished after the 18 months FU. LVEDV: left ventricular end-diastolic volume.
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1A: Forest plot of change in left ventricular ejection fraction of BMMNC transplantation (unadjusted difference in
mean, 95% Cl). Overall LVEF is increased by +2.10 % (95% Cl, 0.68-3.52, P=0.004). 1B: Forest plot of unadjusted
difference in mean change in infarct size. Infarct size was reduced by -2.69 (95% Cl, -4.83- -0.56 P=0.01).
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Figure 1. Continued
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1C: Forest plot of unadjusted difference in mean change in LVESV. LVESV decreased by -4.05 ml (95% Cl, -6.91-
-1.18, P= 0.006) in the treatment group. 1D: Forest plot of unadjusted difference in mean LVEDV(with 95% Cl).
LVEDV decreased by -2.80 ml (95% Cl, -6.03-0.44, P=0.09).



Meta-analysis of stem cell therapy for AMI | 61

2. Imaging modality

Interestingly, when subgroup analysis is performed based on MRI (n=9), which is currently considered
as the golden standard to assess cardiac function and volumes, the significant effect of BMMNC
therapy on LVEF diminished (0.13%, 95% Cl -2.67 -2.93, P=0.93). Also, the beneficial effect on LV
volumes and infarct size disappeared (Table 2). This finding could indicate that BMMNC therapy is not
beneficial in AMI patients.

Table 2. BMMNC therapy per imaging modality

Difference in mean

Imaging modality (95% Cl) Pforz P for subgroup differences
LVEF

MRI 0.13 [-2.67, 2.93] 0.93 0.03
Echo 3.05[1.45, 4.64] 0.0002

SPECT 5.63[1.81, 9.44] 0.004

VG 7.69 [2.43, 12.95] 0.004

LVEDV

MRI -0.86 [-4.66, 2.94] 0.66 0.13
Echo -3.21[-5.99, -0.43] 0.02

SPECT -15.24 [-30.88, 0.40] 0.06

LVG 1.85[-4.44, 8.13] 0.56

LVESV

MRI -2.65 [-5.28, 0.02] 0.06 0.01
Echo -6.17 [-8.31, -4.03] <0.00001

SPECT -12.71[-24.41, -1.01] 0.03

VG -14.88 [-26.85, -2.90] 0.01

Infarct size

MRI -1.11 [-3.74, -1.53] 0.82 0.44
SPECT -2.40[-2.85, -1.95] 0.00001

Parameters are represented as unadjusted difference in mean, with 95% Cl. Subgroup analysis of MRI revealed
that BMMNC therapy is not beneficial for improvement of left ventricular ejection fraction (LVEF). LVEDV: left
ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume; LVG: left ventricular angiography.

3.BMMNC versus other cell types

IC infusion of bone marrow progenitor cells (i.e. CD34/CD133+ cells) resulted in a significant increase
in LVEF of +2.67% (95% Cl: -0.05- 5.40, P=0.05; Figure 2), whereas MSC transplantation resulted in an
increase of +6.28% (95% Cl: -1.07 - 13.64, P=0.09). LVEF increased with +0.80% after transplantation
of CDC (95% Cl: -1.21-2.82, P=ns). When data of all stem cells are combined, LVEF increases by +2.51%
(95% Cl 1.24 - 3.78, P=0.0001; Figure 2). Remarkably, we found a significant increase of LVEDV in the
CD133/CD34+ patient group by +14.06 mL (95% Cl 9.63-18.48) as opposed to a decrease by -2.80 ml
in the BMMNC patient group (-6.03 -0.44, P for subgroup differences<0.00001). Table 3 summarizes
functional parameters of other cell types opposed to BMMNC and the other subgroup analysis. CDC

were omitted from further comparison, because only one trial investigated this new cell type.
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Figure 2. Forest plot of LVEF per stem cell type

SC Control Mean Difference Mean Difference
LVEF Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
A. BMMNC
Janssens’ 34 69 30 22 73 30 35%  1.20[-2.39,4.79] 2006 T
Ge® 48 52 10 35 19 10 36%  1.30[-2.13,4.73] 2006 -
Schachinger® 55 73 95 3 65 92 44% 2.500.52, 4.48] 2006 —
Penicka® 6 5 14 8 48 10 33%  -2.00[-5.96,1.96] 2007 -
Meluzin® 5 66 40 0 89 20 3.1% 5.00 [0.60, 9.40] 2008 —
Suarez de Lezo™ 21 8 10 6 52 10 24% 15.00[9.09,20.91] 2008
Huikuri* 4113 39 14 11 38 35% 5.40[1.84, 8.96] 2008 —_—
Cao” 94 18 41 74 26 45 48% 2.30[1.36, 3.24] 2009 -
Plewka® 9 58 38 5 49 18  3.9% 4.00[1.08,6.92] 2009 -
Beitnes® 12 76 46 45 71 47 39% -330[-6.29,-0.31] 2009 —
Yao™ 62 24 21 22 18 12 46% 4,00 [2.64,5.36] 2009 -
Nogueira®* 67 55 24 2115 6 13%  470[-476,14.16] 2009 [ e —
Meyer'®"? 67 65 30 07 81 30 35% 6.00[2.28,9.72] 2009 —
Traverse'' 61 98 30 94 10 10 19% -330[-10.42,3.82] 2010 — T
Grajek™® 25 56 31 0 78 14 30%  -2.50[-7.04,2.04] 2010 T
Wohrle™ 18 53 28 57 84 12 27%  -3.90[-9.04,1.24] 2010 -
Piepoli’’ 84 92 19 22 126 19 20%  6.20[-0.82,13.22] 2010 1
Hirsch® 38 74 67 52 58 60 42%  -1.40[3.70,0.90] 2010 -
Roncalli*® 19 52 52 22 68 49 42%  -0.30[-2.67,2.07] 2011 -
Traverse' 05 82 55 36 93 26 32%  -3.10[-7.28,1.08] 2011 T
Turan™ 11 61 42 1 63 20 37% 10.00(6.68,13.32] 2012 —
Surder' 134 804 107 04 88 60 40%  1.74[-0.96,4.44] 2013 T
Subtotal (95% Cl) 875 638 747%  2.10[0.68, 3.52] L
Heterogeneity: Tau? = 7.81; Chi? = 107.30, df = 21 (P < 0.00001); I> = 80%
Test for overall effect: Z = 2.89 (P = 0.004)
B. CD133+/CD34+
Liepic™ 3 73 26 38 46 10 3.3%  -0.80[-4.80,3.20] 2009 —
Tendera® 3 43 46 0 43 20 42% 3.00[0.74, 5.26] 2009 -
Quyyumi® 25 9 1 178 10 19% 1.50 [-5.69, 8.69] 2011 i a—
Colombo*® 3 27 10 3 39 5 34% 6.00[2.19,9.81] 2011 —
Subtotal (95% Cl) 93 45 129%  2.67[-0.05,5.40] L
Heterogeneity: Tau? = 3.69; Chi? = 5.98, df = 3 (P = 0.11); 12 = 50%
Test for overall effect: Z = 1.93 (P = 0.05)
C.MsC
Chen* 18 661 34 6 702 35 37% 12.00[8.78,15.22] 2004 —_
Hare* 52 85 20 18 15 14 34%  340[0.41,7.21] 2009 —
Houtgraaf 46 73 9 43 115 4 09% 030[-11.94,12.54] 2012 ———
Subtotal (95% CI) 63 53 8.0% 6.28[1.07,13.64] <l
Heterogeneity: Tau? = 31.92; Chi2 = 13.06, df = 2 (P = 0.001); I? = 85%
Test for overall effect: Z = 1.67 (P = 0.09)
D.CDC
Makkar®' 2 12 17 12 28 8 44%  080[-1.22,282] 2012 T
Subtotal (95% Cl) 17 8 44%  0.80[1.22,2.82] >
Heterogeneity: Not applicable
Test for overall effect: Z = 0.78 (P = 0.44)
Total (95% CI) 1048 744 100.0%  2.51[1.24,3.78] ¢
Heterogeneity: Tau? = 8.56; Chiz = 150.84, df = 29 (P < 0.00001); 2 = 81% ! f f y

20 -10 0 10 20

Test for overall effect: Z = 3.87 (P = 0.0001) Control SC

Test for subaroup differences: Chi? =2.88, df = 3 (P = 0.41). P = 0%

Forest plot of unadjusted difference in mean LVEF (with 95% Cl) of all trials and stem cells to date. The overall effect
on LVEF on all stem cells combined is +2.51% (95% Cl: 1.24-3.78; P=0.0001). BMMNC: Bone marrow Mononuclear
cell, MSC: mesenchymal stem cell: CDC: cardiosphere derived cells.
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Table 3. Subgroup analysis of BMMNC and comparison between BMMNC and other stem cells

Ejection Fraction Infarct size
No of P-value P-value
Subanalyses RCT Difference in mean st:lbgroup Difference in mean stlxbgroup
difference difference
EF prior to infusion a
EF < 40% 8 3.46 [1.12, 5.81] 0.53 -2.46 [-4.72,-0.21]  0.06
EF 2 40% 15 2.52[0.69, 4.34] 0.08 [-1.38, 1.55]
EF <45% 10 3.19[1.07, 5.30] 0.46 -2.39[-2.75,-2.02]  0.05
EF > 45% 12 1.95 [-0.54, 4.45) -0.50 [-2.36, 1.36]
EF < 50% 17 2.80[1.07, 4.53] 0.67 -1.81[-3.64, 0.02] 0.34
EF > 50% 5 1.85[-2.10, 5.80] -1.32[-2.90, 0.27]
Target Vessel
LAD/LCx/RCA 13 1.42 [-0.06, 2.79] 0.25 -0.26 [-1.57, 1.04] 0.19
LAD infarct 9 3.11[0.61, 5.61] -2.47 [-5.51, 0.56]
Timing of infusion
Infusion <8 d 19 3.10[1.49, 4.70] 0.009 -1.41[-3.13,0.32] 0.46
Infusion >8d 3 -0.37 [-2.40, 1.66] -0.40 [-2.46, 1.66)
Amount of infused cells
<50 M cells 3 4.06[2.81,5.31] 0.10 -2.40[-2.78,-2.02] 0.19
250 M cells 19 2.18[0.32, 4.04] -0.97 [-3.07, 1.13]
<100 M Cells 6 3.80[0.66, 6.94] 0.39 -2.05[-3.71, 0.38] 0.57
> 100 M cells 16 2.07 [0.15, 3.99] -3.16 [-6.64, 0.32]
Heparine use
Heparine 15 3.56 [1.60, 5.51] 0.07 -1.57 [-3.62, 0.48] 0.55
No Heparine 5 0.91[-1.16, 2.99] -0.72 [-2.93, 0.10]
BMMNC vs other SC versus BMMNC
BMMNC 22 2.10[0.68, 3.52] -2.69 [-4.83, -0.56]
CD133+/CD34+ 4 2.67 [-0.05, 5.40] 0.74 -2.84 [-6.38, 0.70] 0.96
MSC 6.28 [-1.07, 13.64] 0.27 -14.02 [-17.06,10.79] <0.00001
EF prior to infusion
EF < 40% 8 -0.69 [-3.49, 2.12] 0.84 -4.51[-8.51,-0.52] 0.85
EF > 40% 15 -1.41[-7.58, 4.77] -4.31[-9.36, 0.73]
EF <45% 10 -1.51[-4.41, 1.39] 0.70 -4.76 [-8.23,-1.29]  0.78
EF > 45% 12 0.17 [-7.85, 8.19] -3.80[-9.72, 2.31]
EF < 50% 17 -1.20 [-4.82, 2.42] 0.97 -5.62[-8.84,-2.41]  0.57
EF > 50% 5 -1.01[-9.69, 7.67] -3.09 [-11.33, 5.14]
Target Vessel
LAD/LCx/RCA 13 -0.73 [-4.38,2.92] 0.36 -2.04[-7.03,2.94] 0.28
LAD infarct 9 -3.78 [-9.14, 1.57] -5.50 [-9.40, -1.60]
Timing of infusion
Infusion <8 d 19 -1.27 [-4.74, 2.20] 0.03 -5.16 [-8.32,-2.00]  0.30
Infusion 2 8 d 3 8.38[0.36, 16.39] -0.44 [-8.79, 7.91]
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Table 3. Continued

Ejection Fraction Infarct size
No of P-value P-value
Subanalyses RCT Difference in mean st.lbgroup Difference in mean sm'xbgroup
difference difference
Amount of infused cells
<50 M cells 3 -4.70[-12.27, 2.88] 0.38 -6.49 [-8.84,-4.14]  0.26
>50 M cells 19 -0.94 [-4.72, 2.83] -4.00 [-7.60, -0.39]
<100 M Cells 6 4.01[-8.40, 16.42] 0.35 -7.05 [-11.89,-2.20] 0.64
>100 M cells 16 -2.27 [-6.45, 1.90] -3.88 [-7.63, -0.13]
Heparine use
Heparine 15 -2.81[-6.76, 1.13] 0.34 -3.69[-4.82,-2.56] 0.28
No Heparine 5 0.49 [-5.08, 6.07] -1.12 [-5.65, 3.41]
BMMNC vs other SC
BMMNC 22 -2.80 [-6.03, 0.44] -4.05 [-6.91, -1.18]
CD133+/CD34 4 14.06 [9.63, 18.48] <0.00001 -3.00[-8.07,2.07]  0.72
MsC 3 -9.76 [-33.27,13.74]  0.07 -6.68 [-23.86, 10.50] 0.77

RCT indicates randomized controlled trials; LVEF: left ventricular ejection fraction; LVEDV: left ventricular end-
diastolic volume: LVESV; left ventricular end-systolic volume; LAD: left descending artery; LCx: left Circumflex
artery; RCA: right coronary artery; BMMNC: bone marrow mononuclear cells; MSC: mesenchymal stem cells.

4. Infarct location and LV function at baseline

Patients with an anterior wall AMI due to occlusion of the LAD did not benefit more from stem cell
therapy than patients with an AMI located elsewhere (Table 3). According to our data, patients with a
lower LVEF (LVEF <40% or LVEF <45%) at baseline did not benefit more from cell therapy, than patients
with a higher LVEF. Only, the beneficial effect of BMMNC therapy on infarct size was significantly
greater in patients with a LVEF below 45% (-2.39%; 95% Cl, -2.75- -2.02), as opposed to almost no
reduction (-0.50%; 95% Cl, -2.36- 0.27) in patients with a LVEF above 45% (P for subgroup differences
0.05).

5. Parameters related to cell infusion

The median cell number infused was 100 million cells. Intriguingly, total cell number did not predict
outcome. More specifically, patients treated with infusion of <100 million cells did not benefit more
or less from cell infusion than patients with higher cell doses. BMMNC transplantation before day
8 resulted in an improved LVEF (+3.10%, 95% Cl: 1.49 — 4.70, P=0.009) as opposed to late infusion
(-0.37%, 95% Cl -2.40 — 1.66).

6. Intracoronary delivery technique
We found that performing a subgroup analysis on intracoronary delivery technique was not feasible,

as in all, except 2 studies, the ‘stop-flow’ technique was adopted.
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7. Cell preparation

Subgroup analysis based on the methods of BMMNC isolation revealed that all trials, except for 2533,
used Ficoll-based isolation, therefore subgroup analysis was not useful. Final suspension of the cell
preparation in heparin-containing saline or in non-heparinized solutions did not have a significant

effect on treatment outcome.

Safety of IC cell infusion and MACCE-rates

In the majority of trials, IC infusion of stem cells did not result in procedure-related adverse events, or
adverse events were not reported in the manuscript. Only 1 study described a case of thrombosis in
the infarct related artery after AMI and 3 cases of intima dissection following balloon inflation during
transplantation.?®

The median follow-up duration for MACCE rates was 6 months. IC infusion of BMMNC did not result in
reduction of any MACCE event. More specifically, and in contrast to previous reported meta-analysis,
no differences on all-cause mortality, cardiac mortality, hospitalizations for heart failure, restenosis
rate, thrombosis, target vessel revascularization (TVR), stroke, recurrent AMI and ICD implantations
were detected between BMMNC patients and controls (Table 4). Bone marrow progenitor cell infusion
resulted in a reduction in re-hospitalizations for heart failure (OR 0.14, 95% Cl: 0.04-0.52; P=0.003)
and MSC transplantation resulted in a reduction in VF/VT (OR 0.08, 95% Cl: 0.01-0.79; P=0.03) and ICD
implantations (OR 0.08; 95% Cl: 0.01-0.79, P=0.03)

Table 4. MACCE events represented as Mantel-Haenszel odds ratio (OR)

BMMNC BM progenitor cells MSC

Outcome OR 95%Cl P OR 95% CI P OR 95%ClI P
All- cause mortality 0.68 0.36-1.31  0.25 0.50 0.09-2.67 0.41 318 0.13-81.01 0.48
Cardiac mortality 0.73 0.32-1.65 0.45 no events no events
Recurrent Ml 0.5 0.24-1.06 0.07 2.25 0.04-1.42 0.70 no events

TVR 0.86 0.58-1.27 0.44 0.96 0.1-2.29 0.93 1.59 0.05-7.52 0.79
Stent restenosis 0.95 0.51-1.79 0.88 no events no events

Stent thrombosis 0.75 0.08-7.45 0.81 0.61 0.10-3.84  0.60 no events

Heart failure 0.84 0.44-1.60 0.60 0.14 0.04-0.52  0.003 no events

CVA 0.62 0.13-2.84 0.53 0.29 0.01-7.76  0.46 no events

VT/VF 0.60 0.30-1.21 0.16 no events 0.08 0.01-0.79 0.03
ICD 0.98 0.37-2.64 0.97 0.93 0.05-16.39 0.96 0.08 0.01-0.79 0.03

MACCE rates were not reduced in BMMNC treated patients. In patients treated with Bone marrow progenitor
cells, the rehospitalizations for heart failure were lower opposed to the control group. Intracoronary infusion of
mesenchymal stem cells (MSC) resulted in lower number of VT/VF and ICD implantations. It has to be kept in mind
that the trials to date were not sufficiently powered to detect differences in clinical outcome. OR; odds Ratio; Cl;
confidence interval; MI: myocardial infarction; TVR; target vessel revascularization; VT; ventricular tachycardia; VF:
ventricular fibrillation; ICD: Implantable Cardioverter Defibrillator.
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Publication Bias

A funnel plot for LVEF showed that studies were equally distributed around the overall estimate,

suggesting that there was no sign for publication bias (Supplemental Figure B).

DISCUSSION

In this meta-analysis, which comprises a total of 2037 AMI patients, cell therapy proved to be safe.
BMMNC therapy modestly improves LVEF at short and long term FU when all imaging modalities
are combined for analysis. The modest improvement in LVEF was mainly due to a sustained LVESY,
accompanied by a reduction in infarct size. Interestingly, when only studies are analyzed that used
cardiac MRI for measuring volumes and LVEF, this beneficial effect of BMMNC therapy on cardiac
function disappeared. Furthermore, the occurrence MACCE events is not reduced in patients treated

with BMMNC when compared to controls.

MACCE rates

One of the most salient findings of the current meta-analysis comprises the fact that, despite over 1,500
patients analyzed to date, BMMNC therapy did not affect clinical outcome measures in AMI patients.
Our findings seem contradictory to findings in recent meta-analyses by Jeevanantham and coworkers
who described a reduction in all-cause mortality, cardiac mortality, recurrent AMI, hospitalizations for
heart failure and in-stent thrombosis after BMMNC transplantation. However, in this meta-analysis,
both AMI and IHF patients were combined for the assessment of clinical outcome. We hypothesize
that ischemic heart failure patients may benefit more from cell therapy, which was corroborated in a
recent meta-analysis that solely focused on IHF patients.?® The current analysis includes, for the first
time, recent negative publications as the SWISS-AMI trial and LATE-TIME trial which has modified
the results. It should be noted that the median follow-up duration for the assessment of MACCE
rates is only 6 months, which might be too short to draw conclusions regarding clinical outcome. We
performed a power analysis to calculate the number of patients needed to discriminate a possible
beneficial effect of cell therapy in AMI patients. Based on our data, we found that a study of 2,994
patients would be needed to demonstrate a possible effect on MACCE when the incidence of an event
is 20% (Supplemental Table 1V), whereas >30,000 patients would be needed to demonstrate an effect
if the incidence of an event was 2%. In our meta-analysis, the incidence of all-cause mortality was only
2% at a median follow-up duration of 6 months. The forthcoming phase Ill BAMI trial (NCT01569178) is
designed shed more light on the value of BMMNC therapy in improving clinical outcome. It is designed
to compare BMMNC transplantation in AMI patients with baseline LVEF <45% to a control group that
receives optimal medical care. The primary endpoint in this study is time from randomization to all-
cause mortality during 3 year FU. The secondary outcome measures consist of the occurrence of other
MACCE events from randomization up until 3 years FU. LV function, volumes and infarct size, are no
outcome measures in this trial.

Our power analysis is based on multiple small studies. All these individual studies were primarily

designed as safety and feasibility studies, and thus inadequately powered to detect an effect on clinical
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end points, whereas the BAMI trial was powered based on long-term FU data of the landmark REPAIR-
AMI trial.?* More importantly, the median FU in our meta-analysis is only 6 months, which is rather
short to notice effects on clinical outcome measures in this era of aggressive primary interventions
and pharmacotherapy. However, it remains questionable if the BAMI trial, is sufficiently powered
to establish definitive answers. Nonetheless, we believe that the BAMI trial will shed more light on
several questions concerning BMMNC therapy as adjunctive treatment for AMI patients, and the final
results are much anticipated. Supplemental Table V summarizes all upcoming clinical trials on stem cell
therapy for AMI. Currently, newer generations of more potent stem cells are emerging in the field of
cardiology. Our meta-analysis revealed a reduction in rehospitalizations for heart failure or reduction
in ventricular arrhythmias and ICD implantations in patients treated with these newer generation
cells. However, the number of clinical trials to date is limited, which is why no statement could be

made about the superiority of these cells yet.

Cell therapy-related parameters possibly influencing efficacy outcomes

Timing of cell delivery

The optimal timing of cell therapy with respect to AMI remains unclear to date. Thus far, it was believed
that cell therapy should be initiated 3-10 days after the AMI, based on findings in phase | studies,
logistical issues, and the assumption that in the first 72 hours, the infarct territory encompasses a too
hostile environment for the infused cells. Others argued that stem cells should be infused as soon as
possible to prevent cardiomyocyte loss by secreted anti-inflammatory, pro-survival and anti-apoptotic
paracrine factors.>* This hypothesis was recently supported by preclinical and clinical evidence.>%>*
Nevertheless, to date almost all (>90%) other clinical studies infused stem cells >72 hours after the
AMIL. In this meta-analysis, we found that timing of BMMNC infusion later than 8 days did not appear
to be effective. This was confirmed by recent trials aimed to address the question of cell therapy
timing.1%123 The TIME and LATE-TIME and SWISS-AMI failed to show any beneficial effect of late
infusion opposed to early infusion. Of note, the forthcoming phase Il AMICI (NCT01781390) and phase
Il ADVANCE (NCT01216995) trials will render important information on early infusion of MSC-like
cells, whereas the BAMI (BMMNC; NCT01569178), REVITALIZE (BMMNC; NCT00874354), REGEN-AMI
(BMC; NCT00765453), AMIRST (BMC; NCT01536106) and the phase Il study with Prochymal (allogeneic
MSC; NCT00877903) will possibly provide new insights in timing of stem cell administration between
2 and 7 days.

Cell type

Itis currently hypothesized that culture-expanded sub populations of BMMNC or other specialized cell
types, might exhibit more cardio-protective effects than BMMNC.*® Indeed, a recent meta-analysis that
compared all pre-clinical, large animal studies that were performed to date concluded that MSC appear
to have more pronounced beneficial effects on LV function than BMMNC *7, whereas newer generation

cells might be even more effective. In this meta-analysis we found a trend towards an improvement in
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cardiac function in patients treated with MSC. However, only limited numbers of patients are treated
with this stem cell type to date, rendering a high heterogeneity between trials. A power calculation
revealed that a study of 106 patients per group is needed to detect a possible significant benefit of
MSC over BMC. Forthcoming AMICI (NCT01781390) and ADVANCE (NCT01216995) clinical trials are
both phase Ila/Ilb trials designed to investigate the effects of mesenchymal-like cells on cardiac repair
in over 200 patients. Therefore, they might provide evidence of superiority of mesenchymal stem
cells. It should be noted, however, that both studies do not perform head-to-head comparisons of
MSC and BMMNC.

Cell preparation and infusion

Recently, it was suggested that the use of heparin in the final stem cell suspension might interfere
with the SDF-1/CXCR4 axis , thereby resulting in decreased homing of BMC.*® However, we found that
the use of heparin during cell preparation did not appear to influence therapy outcome. Contrarily,
there seems to be a trend towards a beneficial effect on LVEF in heparin-treated cells, which was also
found by Jeevanantham et al.** We also confirm their finding that the BMMNC isolation protocol did
not appear to influence therapy outcome. Noteworthy, only 2 trials prepared BMMNC via a different

method than Ficoll isolation.

Cardiac MRI and study design as effect modifier?

Although the effect that we found on LVEF in this meta-analysis is limited, it can have significant clinical
implications. For instance, in the studies that assessed the effect of primary PCl following AMI, a
similar modest 4% improvement in LVEF was found that eventually mounted up to pronounced effects
on mortality.*>%° However, despite early enthusiasm and several previous positive meta-analyses on
cellular therapy ®*, it seems that some consideration is justified.

First, and most importantly, in most of the earlier cell therapy trials that drove initial enthusiasm, LVEF
and volumes were assessed by LV-angiography or echocardiography, whereas cardiac MRl is currently
considered as the golden standard.®* Most recent stem cell trials however, used MRI-based analysis for
primary endpoint measures of efficacy and volumes, and 40% of all trials in the current meta-analysis
used MR 5711223313849 00 patients with large first AMI treated with primary percutaneous coronary
intervention were randomly assigned to either intracoronary infusion of mononuclear BM cells (n =
69 Intriguingly, when our data are corrected for the use of MRI as imaging tool, the positive effect of
cell therapy on LVEF, volumes, and infarct size diminishes. This finding corroborates the exploratory
findings of Traverse et al®?, and puts the initial enthusiasm concerning BMMNC-based therapies for
AM I patients in a different perspective.

Noteworthy, about 50% of the RCTs in this meta-analysis was not executed according to the Juni
criteria (Supplemental Table 11), as they do not perform a bone marrow biopsy and sham injection
procedure in placebo patients. However, in most studies an unbiased outcome was ascertained by

blinded core lab analysis.
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Considerations

We believe that the current meta-analysis shows strong indications that BMMNC therapy in AMI
patients is not effective in improving clinical outcome. Although the number of patients treated with
next generation cell therapies is still too low, and studies performed to date were primarily designed
to prove safety and feasibility, these new therapies might prove to be more effective. It is believed
that mesenchymal cell populations, or cardiac derived stem cells, exhibit more cardio-protective
and regenerative potential. Importantly, preclinical and preliminary clinical evidence indeed show
promising benefits of these cell types.*~***7 Moreover, MSC are immune-privileged cells, and can
be administered in an allogeneic setting. This renders the possibility of an allogeneic “off-the-shelf”
cell product, which is readily available directly following the primary PCl. This has several logistical
advantages, but might also enhance outcome, as it was shown that stem cells derived from young and
healthy donors perform better, and have more regenerative potential, than autologous stem cells from

the typically elderly cardiovascular patient.®®

Novelty / Significance

The current meta-analysis, consisting of 30 published, randomized controlled trials, and comprising
a total of 2037 patients, is the largest meta-analysis on stem cell therapy for the treatment of AMI
patients to date. It includes recently published, relatively large RCTs that used MRI-derived parameters
as surrogate end point, and were not included in any meta-analysis yet.>° Also, for the first time,
studies that investigated other cell types than BMMNC were included in a subgroup analysis.*>** In
contrast to a recently published meta-analysis that combined AMI and heart failure patients in most
of its subgroup analyses, the current manuscript focuses solely on AMI patients, rendering different

and sometimes opposing conclusions.*

CONCLUSION

Intracoronary infusion of BMMNC improves LVEF by +2.10%, mostly by reduction of LVESV and infarct
size. However, there is no beneficial effect on global LVEF when restricted to cardiac MRI analysis. The
improvement in LVEF did not lead to a reduction in clinical outcome. Newer generations of stem cells
with a better profile for cardiac repair are emerging, but their future role still needs to be defined in

phase Il and IlI studies.
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SUPPLEMENTAL DATA

MATERIALS AND METHODS

Search strategy

Medline (July 2002-September 2013) and the Cochrane Central Register of Controlled trials (CENTRAL)
and the website of US Food and drug administration www.fda.gov were searched for relevant articles.
The search included all studies reported up to September 1t 2013. We also searched for relevant
abstracts and presentations on this topic reported in major cardiology meetings. References in other
articles were also investigated and included in the analysis whenever deemed appropriate. Websites,
including www.clinicaltrials.gov and www.clinicaltrialregister.eu, were searched for ongoing trials and

” o ” o«

future trials. The following search strategy was applied: “stem cells”, “progenitor cells”, “mononuclear

”n o« n o« )

cells”, “adipose tissue-derived regenerative cells”, “mesenchymal stem cells’, “cardiac-derived stem

” ” u "o«

cells”, “bone marrow”, “vascular stromal fraction”, “adipose stem cells”, “mesenchymal-like stem cells”,
“coronary artery disease”, “myocardial infarction”, “cardiac repair”, and “myocardial regeneration”.
Only articles published in English were included. Limitations used in the search were the publication
of the study within the last 10 years, limited to clinical trials and randomized controlled clinical trials

(Supplemental Table I).

Inclusion and exclusion of studies

Studies were included that met the following criteria: (1) randomized controlled trials with an
appropriate control group who received standard therapy, (2) conducted in patients with an AMI that
occurred less than 3 months before, (3) using stem cells that were administered by intracoronary or
intravenous injection, (4) total of number of patients enrolled should exceed 10, (5) stem cells were
derived from adipose tissue, bone marrow or heart, (6) given in an allogeneic or autologous setting.
Only studies with a complete dataset and specified data on the amount of infused cells were included
in this meta-analysis. Studies that described the combination of circulating progenitor cells (CPC) or
CPC with granulocyte-colony stimulating factor (G-CSF) were excluded from this analysis to circumvent
the potential confounding effect of G-CSF therapy on LV function and dimensions, although G-CSF was
previously proven ineffective as a mono-therapy for cardiac repair in AMI. When studies compared
C-GSF and stem cells, only the patients in the control and stem cell arm were used in this analysis.

Cohort studies were excluded from further analysis due to a limited number of studies.

Data abstraction

Three reviewers (RdJ, JH, SS) independently screened abstracts and reported their results in a
standardized form. Data extracted from the articles were categorized in trial characteristics, functional
outcome, scar size and safety. The following parameters were extracted from the articles: Left
ventricular ejection fraction (LVEF), LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV),

infarct size (MRI), perfusion defect (SPECT) and major adverse cardiac and cerebral events (MACCE)
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rates. MACCE was specified as: all-cause mortality, cardiac mortality, hospitalization for heart failure,
in-stent thrombosis and restenosis, target vessel revascularization, ventricular arrhythmia, ICD
implantation and stroke. Infarct size was expressed as the percentage of left ventricle infarcted (in
%volume or mass). In the various studies, different imaging modalities have been used to determine
left ventricular ejection fraction. Cardiac magnetic resonance imaging (MRI) was considered the
golden standard. If more than one imaging modality was included, all data was extracted for subgroup
analysis. For studies with more than 1 intervention arm (e.g. multiple doses) the weighted mean was
calculated and applied for the main analysis.! In trials with multiple follow-up time points, the last

published follow-up was used in the main analysis.

Quality
The methodological quality of randomized controlled trials was tested by the Juni criteria.?

Supplemental Figure A. Flowchart

386 potential
articles, titles and
abstracts screened

263 excluded: animal
studies, heart failure,
unrelated topic, progenitor
cells, stent studies

123 potential
articles, titles and
abstracts screened

H 39 excluded: G-CSF

38 excluded: no
control group, irrelevant
sub-studies or study design

46 Articles
included in analysis

11 articles were relevant
follow up studies

35 studies: 30 RCT,
5 cohort studies

5 cohort studies excluded

BMMNC CD133+/CD34+ MSC/MSC-like cbc
22 RCT 4 RCT 3RCT 1RCT

Flowchart of search: “stem cell therapy for acute myocardial infarction” G-CSF: Granulocyte-Colony Forming Units;
RCT: randomized controlled trial;, BMMNC: Bone marrow derived mononuclear cells; MSC: mesenchymal stem
cells; CDC: cardiosphere derived cells.
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Supplemental Figure B. Funnel plot

Funnel plot of left ventricular ejection fraction of BMMNC trials. The dotted line indicates the treatment effect of
stem cell therapy. SE (MD): standard error of mean difference; RCT indicates randomized controlled trials; MD:
mean difference.
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Supplemental Table I. Search strategy

DEIELEH

PubMed

User query:

Translations:

myocardial infarction

((((((acute myocardial infarction)) OR (coronary artery disease)) OR (myocardial regeneration)) OR (myocardial
infarction))) AND (((((((((stem cells)) OR (bone marrow stem cells)) OR (progenitor cells)) OR (mononuclear cells))
OR ((mesenchymal stem cells) OR mesenchymal-like stem cells)) OR (adipose tissue derived regenerative cells)) OR
(vascular stromal cells)) OR (cardiac derived stem cells)) AND ( ( Clinical Trial[ptyp] OR Letter[ptyp] OR Controlled
Clinical Trial[ptyp] OR Randomized Controlled Trial[ptyp] ) AND “last 10 years”[PDat] AND Humans[Mesh])

“myocardial infarction”[MeSH Terms] OR (“myocardial”[All Fields] AND “infarction”[All
Fields]) OR “myocardial infarction”[All Fields]

coronary artery disease

“coronary disease”[MeSH Terms] OR (“coronary”[All Fields] AND “disease”[All Fields])
OR “coronary disease”[All Fields] OR (“coronary”[All Fields] AND “artery”[All Fields]
AND “disease”[All Fields]) OR “coronary artery disease”[All Fields] OR “coronary
artery disease”[MeSH Terms] OR (“coronary”[All Fields] AND “artery”[All Fields] AND
“disease”[All Fields])

myocardial “myocardium”[MeSH Terms] OR “myocardium”[All Fields] OR “myocardial”[All Fields]
regeneration “regeneration”[MeSH Terms] OR “regeneration”[All Fields]
stem cells “stem cells”[MeSH Terms] OR (“stem”[All Fields] AND “cells”[All Fields]) OR “stem

cells”[All Fields]

bone marrow

“bone marrow”[MeSH Terms] OR (“bone”[All Fields] AND “marrow”[All Fields]) OR “bone
marrow”[All Fields]

progenitor cells

“stem cells”[MeSH Terms] OR (“stem”[All Fields] AND “cells”[All Fields]) OR “stem cells”[All
Fields] OR (“progenitor”[All Fields] AND “cells”[All Fields]) OR “progenitor cells”[All Fields]

cells

“cells”[MeSH Terms] OR “cells”[All Fields]

mesenchymal stem cells

“mesenchymal stromal cells”[MeSH Terms] OR (“mesenchymal”[All Fields] AND
“stromal”[All Fields] AND “cells”[All Fields]) OR “mesenchymal stromal cells”[All Fields]
OR (“mesenchymal”[All Fields] AND “stem”[All Fields] AND “cells”[All Fields]) OR
“mesenchymal stem cells”[All Fields]

adipose tissue

“adipose tissue”[MeSH Terms] OR (“adipose”[All Fields] AND “tissue”[All Fields]) OR
“adipose tissue”[All Fields]

stromal cells “stromal cells”[MeSH Terms] OR (“stromal”[All Fields] AND “cells”[All Fields]) OR “stromal
cells”[All Fields]

vascular “blood vessels”[MeSH Terms] OR (“blood”[All Fields] AND “vessels”[All Fields]) OR “blood
vessels”[All Fields] OR “vascular”[All Fields]

cardiac “heart”[MeSH Terms] OR “heart”[All Fields] OR “cardiac”[All Fields]

Humans[Mesh] “humans”[MeSH Terms]

Result:386
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ABSTRACT

Background Several cell-based therapies for the adjunctive treatment of acute myocardial infarction
(AMI) and heart failure (HF) have been investigated in multiple clinical trials, but the benefits still
remain controversial. The first generation of cells, defined as bone marrow-derived mononuclear
cells (BMMNC) and skeletal myoblasts (SkM), have been investigated in such extent to merit a meta-
analysis. This meta-analysis aims to evaluate the efficacy of this first generation stem in AMI (BMMNC
only) and HF (BMMNC and SkM) patients, and gives an overview of newer generations stem cells for
cardiovascular repair.

Methods and Results A random-effects meta-analysis was performed on randomized controlled trials
(RCT) investigating the effects of stem cell therapy in patients with AMI or HF that were published
between January 2002 and December 2013. The defined endpoints were left ventricular ejection
fraction (LVEF), left ventricular end-systolic and end-diastolic volumes (LVESV/LVEDV), infarct size and
major adverse cardiac and cerebral event (MACCE) rates. Overall, in AMI, LVEF increased by +2.10%
(95% ClI, 0.68- 3.52 , P=0.004) in the BMMNC group and +3.97% (95% Cl: 2.33 — 5.62; P<0.00001),
both related to an effect on LVESV. However, there is no effect on cardiac function, volumes, nor
infarct size, when only randomized controlled trials were included that used MRI-derived endpoints
in AMI. No significant effect on MACCE rates was detected in AMI patients following BMMNC therapy.
Interestingly, in HF patients, the significant improvement on LVEF remained, whereas also an effect on
all-cause mortality was shown.

Conclusion BMMNC therapy does not improve cardiac function in AMI patients, but mildly improves
cardiac function in HF. New generations of stem cells are emerging in the field that might be more

potent to mend broken hearts, but they still have to prove their superiority in larger clinical trials.
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INTRODUCTION

Cardiovascular disease accounts for the highest mortality worldwide, despite improvements in
treatment options.! Approximately half of the cardiovascular deaths is related to acute myocardial
infarction (AMI), whereas subsequent heart failure (HF) and stable coronary artery disease account
for the majority of morbidity. To reduce the burden of cardiovascular disease and health care costs,
new therapeutic strategies are continuously developed and investigated. In the past decade, stem cell
therapy emerged as a potent candidate for cardiac repair following an AMI and in ischemic HF.

More than a decade ago, the first patients were treated with the first generation of stem cell
therapy, using intramyocardial injection of skeletal myoblasts (SkM) in patients with HF** and
intracoronary infusion of bone marrow-derived mononuclear cells (BMMNC) in AMI patients.**
Initial optimism concerning the use of SkM in HF patients were toned down by issues of possible pro-
arrhythmogenicity of the cells, and disappointing results on efficacy in randomized studies.®® Also,
the regenerative capacity of bone marrow (BM)-derived cells in AMI and HF patients has been under
debate, since the numerous trials that were performed to date, show conflicting results. Several meta-
analyses suggested beneficial effects of BMMNC. However, in most of these meta-analyses, both non-
randomized and randomized studies were included, whereas AMI and HF patients were pooled for
analysis of clinical end points,®*° or clinical end points were included in the analysis.™*

In the current paper, we aim to give an overview of the safety and efficacy of the first generation of
stem cell therapy for the treatment of ischemic heart disease by including some relevant sub group
analyses. Also, we aim to give a concise overview regarding newer generations of stem cells for cell-

based cardiac repair.

METHODS

A detailed description of the search for the meta-analysis can be found in the online supplement.
Briefly, the meta-analysis was executed according to the Quorum statements.*? A random effect meta-
analysis was performed that included all clinical trials regarding stem cell therapy for the treatment of
AMI, chronic heart failure or ischemic cardiomyopathy, published on Medline between July 2002 and
December 2013. BMMNC and SkM (first generation of stem cells) were the main topic in this analysis.
Other stem cells included in this analysis were cardiac-derived stem cells (CDC), mesenchymal stem
cells (MSC) and adipose tissue-derived regenerative cells (ADRC), although a meta-analysis on these
cell types is not feasible due to the small number of clinical trials that were executed to date. However,
these clinical trials are briefly described in the review section below.. The following search strategy

" o« ” a ” o«

was applied: “stem cells”, “progenitor cells”, “mononuclear cells”, “adipose tissue-derived regenerative

nou ’u ”

cells”, “mesenchymal stem cells’, “cardiac-derived stem cells”, “bone marrow”, “vascular stromal

” ou ”»ou ”n o« ”n u

fraction”, “adipose stem cells”, “mesenchymal-like stem cells”, “skeletal myoblasts”, “coronary artery

”ou

disease”, “myocardial infarction”, “heart failure

”ou

cardiac repair”, and “myocardial regeneration”.
Studies were included that met the following inclusion criteria: (1) randomized controlled trials

with an appropriate control group that received standard therapy; (2) conducted in patients with an



Chapter 4

92

(103ds) 43A1 00T aH

NZT9'E
18 10349p UoIsnyad Aoeoly3 0T a1 L INVY 2l 99 D2ddsy  @19|dwo) ONN I uiznipiN
9TEV9CO0LON AP 38 (14IA) 431 :Adedlyq (74" T INVY 2l L9 2dgay @19|dwo) ONIN 1l uassuer
S/T6/C001ON Y 38 (9AT) 43AT Adedoyy3 9€¢ 14 INV 2l 0T 2d9qy  9@19|dwod ONIN 1l INV-YdIVd3yd
- N9 ot T INV 2l 0z 2d9ay  919|dwod ONI | INVLS-1J1

(oyaa)sawnjon 43A7 :Adeoy3

(14w) 8wt

9ESYCTO0LON  -UdDIY3 ||em 21j01sAs [euoi3ay 097¢ 8 INV 2l 09 Jdd9ay  @19|dwod ONIN | 15004
:Adeoyya/Aisges
(11w) 12d Jaye POy
ERIEIETEN] awo2nQ |eaul)) Atewnd Jaqunu 3D  Aepuajsuesy  uonipuo) Assalle@  oN  uSiseq snjeis adAy |2y sseyd

S|elL [|9D Jea|2NUOUOIA PAALIBP-MOLIBA duog "qT 3|qeL

ueds uopisinboe paled nnw yon ‘@41ieuuonsanb a4l Jo
Ayljenb 170D ‘@4ieuuonsanb ainjies 1eay Yum Sulal] BI0SBUUIA TD4HTIAl ‘IUSAS JB|NJSBAOIPIED 9SISAPE Jofew :3JVIA ‘Uopdel) uondald A7 :43A] ‘@4njies 1eay aAnsaguod
21WBYIS! :4HD| ‘|eIp4ed0AWRIIUIL (|A]] ‘ASB|qOAW |BIDIDYS IAINS ‘PR||0J1u0d 0gade|d [age|-uado paziwopuel :DdOY ‘Pa||0J1u0d ogade|d puljg-a|gnop paziwopues :)dgay

€S979CS001ON JedA T 38 1593 3 jem 008/00% 4HDI (opu3) 0LT 2d9dy umouyun NS | TINYVIN
ulwg V10D :Adedyy3/Arases I
LT8SLEO0LON NS 38 008-0ST - 4HII (opu3) (017 2d0d 93139|dwod IS I} JINSI3S
(YONIA) 4377 :Adedy3/Arajes NI
YT€9C9001ON seah 1 00€ - 4HDI (opu3) €C 2d49dy umouwjun NS 1 11 JINSNVYD
18 D4HTN :Adeoyy3/Aaes NI ! g
‘N9 18 (0yd3)
- 1d EMV[VIESS
8CTZOTO0LON 43N] /30VIN :Aoeowya/Aiages 008/00% 4HDI (d3) W1 L6 Dd9a¥ p ! NS Il JI9VIN
(1mw) 12d 4oye POYRIN
ERITESETEN] awo21nQ |edul) Aewid Jaquwinu |9 Aep Jajsuesy  uonipuo)y Aseale@ 'oN uBisaQg snieis adAy |90 aseyd

s|etiL s1se|qOA [B32]9¥S BT 3|qeL



BMMNC therapy in ischemic heart disease | 93

AMI that occurred less than 3 months before or patients diagnosed with heart failure or ischemic
cardiomyopathy; (3) using stem cells that were administered by intracoronary, intravenous or
intramyocardial injection; (4) total of number of patients enrolled should exceed 10; (5) stem cells were
derived from bone marrow, skeletal muscle, adipose tissue, or the heart; (6) given in an autologous or
allogeneic setting.

A pre-specified sub-group analysis was performed on the use of the current golden standard to
measure cardiac volumes and function: cardiac MRI.

Data abstraction and analysis was performed by two different researchers (RdJ, JH) and reported
on standardized forms. Left ventricular ejection fraction (LVEF), left ventricular end-systolic volume
(LVESV), left ventricular end-diastolic volume (LVEDV) and infarct size were assessed as outcome
measures, as well as the occurrence of major adverse cardiac or cerebral events (MACCE rates). The

data of the primary endpoint was used in this analysis.

RESULTS

Autologous skeletal myoblasts in ischemic heart failure patients

Skeletal myoblasts (SkM) are progenitor cells residing in striated skeletal muscle, and are responsible
for regeneration of skeletal muscle upon damage. SkM can be easily expanded in cell culture. Because
they are destined to become contracting cells, they were a logical candidate for cell-based heart repair.
In pre-clinical investigations, SkM were able to form functional skeletal myotubes, repopulate the
damaged heart, and integrate into host myocardium with formation of electromechanical junctions
between host cardiomyocytes and injected skeletal myotubes.**

These promising data resulted in the first HF patients treated with epicardial SkM injections during
bypass surgery, or endomyocardial injections using specialized injection catheters.>® Our search
revealed 4 clinical trials using SkM,®**-% of which only 2 trials were performed in a double-blind and
randomized fashion (MAGIC; NCT00102128; table 1a, and MARVEL; NCT00526253; table 1a'>*®). Only
the MAGIC trial was completed, whereas MARVEL was terminated early with inclusion of only limited
patient numbers.® In both the CAUSMIC and SEISMIC trials, patients and caregivers were not blinded
for the treatment, resulting in exclusion of these studies.®!* Because only 1 RCT reached the pre-
specified end point, a meta-analysis on cardiac function and volumes was not deemed useful. It should
be noted, that in this trial, intramyocardial injection of SkM during bypass surgery failed to improve
cardiac function after 6 months of follow up.*

Moreover, SkM injection has been associated with increased incidence of ventricular tachyarrhythmias.
Indeed, according to our analysis, SkM injection is associated with an increased incidence of VT/VF (OR
2.52;95% C10.99-6.40; P=0.05; Figure 1). These ventricular arrhythmias are hypothesized to be caused
by the lack of electromechanical coupling between injected SkM and host myocardium, due to the lack
of connexin-43 expression. Collections of injected SkM thereby form electrically isolated islands that
can function as re-entry circuits for ventricular arrhythmias.”” This finding, in combination with the
lack of obvious long-term efficacy, and the development of new and better alternatives, SkM therapy

currently is abandoned as cellular therapy for cardiac repair.



Chapter 4

94 |

INZT‘9'€’T 0Yd3 43AT ‘NTCT pue

£0£00Z00LON € Aydessnuios wnijeyt Ayjigein €86 8-€ INY o] T0T 2dOY¥ @#wdwod  INW Il INVNOSg
|eipaedoAw pue 43AT1:Aoeoly3
€9896/56 A e
919|dwod
OS] (RIN) 4377 [euoi3sy Adeays 96¢ 9 INY 2l 00T Ddod I ONIN Il 393H
TZOY89001ON N9 1€ (IHIA) 43A1 :Adeduy3 0ST Llog INY 2l 07T 2dg9ay  °19|dwod ONIN Il ANIL
TT'9°€'T 3IDDVIN INTTE'T (I4IN)
LTT6990010N SoWINJOA puE 43X 49013 18€ 1-S INY o] v 0dgsy  @wjdwo)d  INI Il INVIS
INTT pue 9ie
- 919|dwo 1jodal
0TZLEYOOLON (0453) 437 AdEas KELOW 107 LY INY 2l 8€ D0dgsy @w|dwod  INW 1jodaid
NZT
‘9‘¢ 18 Aydea3o|noLuan spn
- - 919|dwo afes
_oa[anUOIPEI 43X pU (193dS) oveT 9-G INY 2l Sy 0degsy [dwo)y DN Il yalesn
10949p uoisnyiad :Adedyy
Anjiqiseay ‘Arages 00T q'S AV 2l 0€ 0dgsy  @w|dwo)d INW 1/l esandoN
INSY PUB ZT°9 38 (103dS)
- 19949p uojsnytad ‘(oyaa) 0S L 1INV o] 98 2dgsy  919|dwo) ONIN I oe)
SawN|oA pue 43A7 :Adeayy3
. (N9 1B 0Yyd3) UonOUNY 2110}
shs pue aijo1seIp A :AIeousg YT L INY 2l 09 0dgsy @w|dwod  INW I e)Ma|d
INTT pue 9ie
. N € pue
- (123ds) 334ep uoisnpiad ‘(]4IN) 0T 06T o, ci0ps-g INV o]l 6€ 0dgSY @9dwod  ONW I oep
sawn|oA pue 43A71 :Adeay)3
€7866T00LON oIS pieyl 89 9 INY 2l 00T DJddSY  @12|dwod ONW I INVLSY
‘Ad3 431 :Aoeayja/hisges
IN9 1€ (0Y23/DAT)43AT Adedy
- - 919|dwo
13 ‘seiuyihyLie/SnA| : Aages [4i4 9-C INY o] 08 2dday @#w|dwod  INW 1 T130NH
) INE (9A1) 43A1 Adeoyja/hiages 006 L INV 2l 07 0dasy 9wjdwod  DINW I 0z319p 'S
Y 18 (193dS) pajeu
SPS68E00LON  2Is 3dJeju| ‘(0yda)sawn|on 0v9T ¥ INY 2l Lz 2dEs¥ o, Apiea ONW 1 e)aluad
pue 43A7 :Adeoyy3 ’
(1) 10d 1oye POy
ERIEIETEN] awonQ |edtul) Atewrid laquinu ||9) Aep uajsuesy  uonipuo) Asdane@ oN udiseqg snjels adAy @) aseyd

panuiuo) "qT 3|qeL



95

BMMNC therapy in ischemic heart disease

*dnoJg |043u0d B 03 INNIANG PUB DSIAl Y10q S24edwod | 4H-DVL, “IUSAS 3SISAPE SNOLISS :3YS ‘Uordwnsuod ua8Axo |ewixXew :ZOAIN 1S9} 90ueld|o}
951249%3 1 | 3 ‘WelS0|nd1I3UuaA P3| :DA] SWN|OA 31]03sAS pua A7 :QSIAT ‘@WIN|OA d1j0ISeIp PUd AT :AQIA] ‘Uondely uondald AT :43AT ‘AyredoAwolpied A ‘elwayds! |eipaed
-0AW 21UOIYD :[|AD ‘D4N|ie) LBy 9ANSISU0D JIWBYISI 14HD| ‘Uondleul [BIPJEIOAW B1INJE (A ‘|eIpJedoAweiul (A ‘Aleuoiodeliul i)| ||99 JesjanuouoW PaALIap-Mmoliew

2u0q :DNIN ‘P3Jj0J1u0d ogade|d [age|-uado paziwopuel :DdOY ‘Pa||0J1u0d ogade|d puljg-a|8uls paziwopues :Ddgsy ‘Pa||0J3u0d ogade|d puljg-a|gnop paziwopuel :D4g9ay

AT (I4IN) uon
99089/001ON -d2uny |elpJedoAw |euol3as pue é - 4HDI (x19Y) NI 62 Ddgay  @e|dwo)d INW *«14H-DVL
z1s 12Je4U| ‘AT 3VS ‘POE A1ojes
9IS 10949p 3|qISIanay (eVOON
- 919|dwod -
SOOVZB00LIN oo A - hoeowya/Avases 00T 4HDI -opu3) Wi 76 0d9ay 39| INW I N¥122-SND04
N9 Suiddew |eajueyd
-9W041293 "|\I9 pue € 1e (0yda) . (eVOON ~
€02E0Z00LON SOWIN|ON PUE 43] 9549P UOIS 0€ 4HDI -opua) Wi 0 0dgsy  @w|dwo)d INW 4H-SN204
-npad ‘ZOAIN :Adedyss/A1ajes |
(DAT)sawnjon
- - 919|dwo uein
puE 4377 A2eo3 1 4HDI o] 95 2dgsH |dwo) INW I L
8S6T¥S00LON AT 3 [BAIAINS :Adeduy3/Arayes 0ST - 4HDI (1d3) NI 05T 2d9ay @19 dwod INW 11 3dv2s3
i 1591 3s1243%2 ‘VHAN ‘(I4IA) )
SOWIN|OA PUE 43T :A089L43 [43 4HDI (1d3)NI 09  DdEasy @9 dwod ONIN I nH
IN9 18 1D3dS 1994ap uoisnyiad
- b B - 1d 919|dwo oe
(04p3) 43 A2E243 “IIWIA 659 4HDI (1d3)w1 9€  odgad |[dwo) ONIN I yz
IN9 3 0yd3 sawn|oA AT ‘(I4IN)
2215 eyl pue 43x] Areoy 49 4HDI o] Ly 0d9ay @ dwo) INWN I OeA
N9 uonow (1d3)
- llem euoiSau‘(oyda pue YIN)  v8 NI STT DI - 4HDI _>__.5 5 19 Odasy 913|dwo) ONIN I Suy
sawn|oA pue 43A7 :Adeay)3
WS (sVOON
- 10949p uoisnyiad ‘(1YIN)4IAT L9T - 4HDI .oﬂca Wi 8¢ d8ay 2313|dwo) INW I Avd-12310¥d
‘WYHAN "SDD ‘Ayoeded asioJax3
) A7 38 (1D3dS) 19949p .
uorsnyrad ‘() 437 A2eoa €09 v1T dHIAVIsOd  (1IdI)NI €2 DdEgSy  @19|dwo)d ONIN I 0jUpUsH
TT868C00LON  INE 38 (DA1) 4341 :Adeoy)3 S0¢ syuow € |V paJesH o] 1S DdoY  213|dwo)d INW I snwissy
98TSSE00LON AT 38 (IMIA) 43A7 :Adeduy3 9sT 8C-TT SN L-S INY o] 00 2dOY  @1|dwod INW I INV-SSIMS
N9
(OATsTsIIe Y43 Aoeoa L 96 1wy o] 79 2dgsy @ dwo) INW I ueinp
090%7890010N A9 1€ (IHIA) 43A1 :Adeduy3 0ST LT INY o] [8 02d9ay  2313|dwod INW I JNILe]
(1nw) 10d Jaye poylain
ERIEIETEN] awonQ |edtul) Azewrid laquinu ||2) Aep yajsuesy  uonipuo) Aseale@ oN uSiseqg snjels adAy @) aseyd

panujuo) *qt 3|qeL



96 | Chapter4

SkM Control Odds Ratio Odds Ratio
VTIVF Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% Cl
Dib 2009 6 12 5 11 325% 1.20[0.23,6.19] i
Duckers 2011 7 2 114 17.9% 4791052, 43.70] T
Menasché 2008 9 63 2 M A% 267[0.54,13.12] T
Povsic 2011 7 14 16 153% 5.00 [0.46, 54.51] T
Total (95% Cl) 115 65 100.0% 2.52[0.99, 6.40] <
Total events 29 9
4 Tan2= ) () Chi2 = —2P=070) =Y } } t {
s TIC R
SkM' Control

Figure 1. Forest plot of ventricular tachycardia (VT) and ventricular fibrillation (VF) in patients treated with Skeletal
myoblasts. Intramyocardial injection of SkM was associated with a significant increase in VF/VT

Bone marrow-derived mononuclear cells in AMI patients

The search resulted in 21 trials that evaluated the effect of BMMNC transplantation in AMI patients
(table 1b, supplemental table 3a). A total of 845 patients were treated with BMMNC opposed to 608
control patients. The average of participating patients per study was 68 * 51 patients, whereas the
median was 45 patients (range 14-200). Most studies used a 1:1 randomization scheme. The median
follow-up duration in all studies was 6 months (range 3-60 Months). The median amount of infused
viable cells was 100 million (range from 5 x 10°to 60 x 10°) and the cells were infused after a median
of 7 days (range <24 hours to 3 months). MRI was the imaging modality of choice for follow up of LV
function in 40% of the RCTs.

Intracoronary infusion of BMMNC resulted in a minimal increase in LVEF by +2.10% (95% Cl: 0.68-
3.52; P=0.004; figure 2a; table 2), mostly by a preservation in LVESV which decreased by -4.05 mL

Table 2. Treatment effect and imaging modality

all imaging modalities MRI only
AMI difference in mean (95% Cl) p difference in mean (95% Cl) p
LVEF 2.10[0.68, 3.22] 0.004 -0.13 [-2.67, 2.93] 0.93
LVEDV -2.69 [-4.83, -0.56] 0.09 -0.86 [-4.66, 2.94] 0.66
LVESV -4.05 [-6.91, -1.18] 0.006 -2.65 [-5.28, 0.02] 0.06
Infarct Size  -2.80 [-6.03, -0.44] 0.09 -1.11 [-3.74, 1.53] 0.82
HF
LVEF 3.97[2.33,5.62] <0.00001 3.06 [1.12, 5.01] 0.002
LVEDV -9.96 [-23.05, 3.13] 0.14 -14.57 [-33.48, 4.34] 0.13
LVESV -16.80 [-29.62, -2.47] 0.02 -14.41 [-35.03, -6.20] 0.17
Infarct Size  -2.57 [-5.48, 0.35] 0.08 -0.73 [-1.72,0.27] 0.15

The treatment effect of BMMNC therapy diminished in AMI patients when data is pooled for studies that used MRI
derived endpoints. However, in HF patients, the effect on LVEF remains. AMI: acute myocardial infarction; HF: heart
Failure; LVEF: left ventricular ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular
end-systolic volume:
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Control BMMNC Mean Difference Mean Difference
LVEF Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
A.AMI
Beitnes 2009 12 76 46 45 71 47  34% -3.30[-6.29,-0.31] -
Cao 2009 94 18 41 71 26 45 44% 2.30[1.36, 3.24] -
Corvoisier 2011 19 52 52 22 68 49 37%  -0.30[2.67,2.07] BE
Ge 2006 48 52 10 35 19 10 32% 1.30 [-2.13,4.73] T
Grajek 2010 25 56 31 0 78 14 26%  -250[-7.04,2.04] e
Hirsch 2010 38 74 67 52 58 60 38%  -1.40[-3.70,0.90] -T
Huikuri 2008 4 113 39 14 11 38 31% 5.40[1.84, 8.96] -
Janssens 2006 34 69 30 22 73 30 31% 1.20[-2.39, 4.79] T
Meluzin 2008 5 66 40 0 89 20 26% 5.00 [0.60, 9.40] —
Meyer 2009 67 65 30 07 81 30 3.0% 6.00[2.28,9.72] —_
Nogueira 2009 6.7 55 24 2 115 6 1.1%  4.70[-4.76,14.16] [
Penicka 2007 6 5 14 8 48 10 29%  -2.00[-5.96, 1.96] e
Piepoli 2010 84 92 19 22126 19 16% 6.20[0.82 1322 T
Plewka 2009 9 58 38 5 49 18 34% 4.00[1.08, 6.92] -
Schéchinger 2006 55 73 9 3 65 92 39% 2.50[0.52, 4.48] a
Suarez de Lezo 2008 218 10 6 52 10 20% 15.00[9.09,20.91] -
Surder 2013 1.34 804 107 04 88 60 36% 1.74[-0.96, 4.44] ™
Traverse 2012 61 98 30 94 10 10 16% -3.30[-1042,3.82] e
Traverse 2011 05 82 55 36 93 26 28%  -3.10[-7.28,1.08] T
Turan 2011 1 61 42 163 20 32% 10.00[6.68,13.32] -
Wéhrle 2010 18 53 28 57 84 12 23%  -3.90[9.04,1.24] -/
Yao 2009 62 24 271 22 18 12 42% 4.00 [2.64, 5.36) -
Subtotal (95% Cl) 875 638 65.3% 2.10[0.68, 3.52] ¢
Heterogeneity: Tau? = 7.81; Chi? = 107.30, df = 21 (P < 0.00001); I = 80%
Test for overall effect: Z = 2.89 (P = 0.004)
B.HF
Ang 2008 216 636 18 07 48 7 25% 1.46 [-3.15, 6.07] T
Assmus 2006 29 36 28 12 3 18 4.0% 4.10[2.18,6.02] -
Hendrikx 2006 61 86 10 36 91 10 14%  2.50[-5.26,10.26] -
Hu 2011 106 4 31 57 23 28 41% 4.90[3.25, 6.55] -
Perin 2012 14 52 5 13 51 28 38% 2.70[0.36, 5.04] ™
Perin 2011 3 66 20 3 61 10 25% 0.00[-4.76, 4.76) -1
Pokushalov 2010 45 288 49 -16 203 33 43% 6.10 [5.04, 7.16] -
Tse 2007 37 51 18 04 75 8 21% 410[-1.61,9.81] T
Turan 2011 6 52 33 0 67 16 3.0% 6.00[2.27,9.73] -
Yao 2008 24 31 24 16 21 23 42% 0.80 [-0.71,2.31] ™
Zhao 2008 133 67 16 39 45 18 29%  940[551,13.29] —
Sub1total (95% Cl) 301 199  34.7% 3.97[2.33, 5.62] ¢
Heterogeneity: Tau? = 4.93; Chi? = 46.26, df = 10 (P < 0.00001); 1 = 78%
Test for overall effect: Z = 4.73 (P < 0.00001)
Total (95% Cl) 1176 837 100.0% 2.74[1.63, 3.85] ¢

Heterogeneity: Tau? = 7.11; Chi* = 176.97, df = 32 (P < 0.00001); I* = 82%

Test for overall effect: Z = 4.83 (P < 0.00001)

Test for subaroup differences: Chi? = 2.86, df = 1 (P =0.09), 12 = 65.0%

40 0 10 20
Control BMMNC

Figure 2. Forest plot of LVEF in patients treated with BMMNC. Figure A represents intracoronary infusion of Bone
marrow mononuclear cells (BMMNC) in patients with an acute myocardial infarction (AMI). Figure B represents

intramyocardial injection of BMMNC in patients with HF.
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(95% Cl: -6.91- -1.18 mL; P=0.006). Intriguingly, this modest beneficial effect disappeared (0.13, 95%
Cl-2.67-2.93; p=0.93) when a sub-group analysis was performed based on imaging modality, and only
including studies that used MRI-derived measures (figure 3a; table 2). LVEDV and infarct size did not
improve in patients treated with BMMNC, irrespective of imaging modality.

Intracoronary infusion of stem cells did not result in procedure-related adverse events, or adverse
events were not reported in the manuscript. No effect on the incidence of MACCE events was detected

in this meta-analysis (table 3).

Bone marrow-derived mononuclear cells in ischemic heart failure patients

Although most trials using BMMNC were performed 3-30 days following the AMI, some other studies
evaluated the effect of BMMNC in ischemic or non-ischemic HF patients (table 1b, supplemental table
3b). The search resulted in 12 trials, including a total of 500 patients (301 were treated with BMMNC)
si-11 The average number of BMMNC injected was 128.6 + 186.6 x 10°. The median follow-up duration
was 6 months and most trials assessed cardiac function by 2D-echocardiography or LV angiography.
Endpoints were mainly specified as the effect on LVEF and LV volumes, or exercise capacity in
combination with improvement in NYHA classification. Three studies used intracoronary infusion as
delivery route; nine studies investigated the effects of intramyocardial injection.

Overall, LVEF improved by +3.97% (95% Cl: 2.33 —5.62; P<0.00001; figure 2b; table 2) mainly evoked by a

Table 3. MACCE rates Bone Marrow-derived Cells in AMI

BMMNC
Outcome AMI OR 95% Cl P
All cause mortality 0.68 0.36-1.31 0.25
Cardiac mortality 0.73 0.32-1.65 0.45
Recurrent Ml 0.50 0.24-1.06 0.07
TVR 0.86 0.58-1.27 0.44
In-stent restenosis 0.95 0.51-1.79 0.88
In-stent thrombosis 0.75 0.08-7.45 0.81
Heart failure 0.84 0.44-1.60 0.60
CVA 0.62 0.13-2.84 0.53
VT/VF 0.66 0.32-1.35 0.25
ICD 0.98 0.37-2.64 0.97
Outcome HF*
All-cause mortality 0.34 0.15-0.75 0.008
Cardiac mortality 0.70 0.14-3.58 0.66
VT/VF 1.64 0.03-83.48 0.8

MACCE rates were not reduced in BMMNC treated patients. It has to be kept in mind that the trials to date were
not sufficiently powered to detect differences in clinical outcome. OR; odds Ratio; Cl; confidence interval; Ml:
myocardial infarction; TVR; target vessel revascularization; VT; ventricular tachycardia; VF: ventricular fibrillation;
ICD: Implantable Cardioverter Defibrillator; HF: heart failure; AMI: acute myocardial infarction

*In HF patients, only all-cause mortality, cardiac mortality and VT/VF were included in the analyses. Other MACCE
parameters were omitted due to a limited number (2-3) trials that presented these results in their paper.
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Control BMMNC Mean Difference Mean Difference
LVEF MRI Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
A AMI
Beitnes 2009 01 72 45 1778 43 74%  -1.60[4.74,1.54] T
Hirsch 2010 38 74 67 4258 60 84%  -040[-2.70,1.90] -
Janssens 2006 34 69 30 2273 30 68% 1.20[-2.39, 4.79] T
Meyer 2009 25119 30 3395 30 49% 0.80 [-4.65, 6.25] B
Surder 2013 134 804 107 04 88 60 7.9% 1.74[-0.96, 4.44] ™
Traverse 2012 61 98 30 94 10 10 36% -3.30[-10.42,3.82] 1
Traverse 2011 05 82 5 3693 26 62% -3.10[-7.28,1.08] T
Wohrle 2010 18 53 28 57 84 12 52%  -3.90[9.04,1.24] -7
Yao 2009 97 24 271 3124 12 91% 6.60[4.97, 8.23] -
Subtotal (95% CI) 419 283 59.4%  0.13[-2.67,2.93] <

Heterogeneity: Tau? = 14.33; Chi? = 52.98, df = 8 (P < 0.00001); I* = 85%
Test for overall effect: Z=0.09 (P = 0.93)

B.HF
Ang 2008 216 636 18 07 48 7 57%  146[-3.15,6.07] I
Assmus 2006 29 36 28 12 3 18 88%  410[218,6.02 -
Hendrikx 2006 61 86 10 3691 10 32%  250[5.26,10.26] —
Hu 2011 106 4 31 5723 28 91%  490[3.25 655 -
Tse 2007 37 51 18 0475 8 47%  410[-161,981] T
Yao 2008 24 31 24 1621 23 92%  080[-0.71,231] *
Subtotal (95% CI) 129 94 40.6%  3.06[1.12,5.01] L 2

Heterogeneity: Tau? = 3.19; Chi? = 15.14, df = 5 (P = 0.010); I*= 67%
Test for overall effect: Z=3.08 (P = 0.002)

Total (95% CI) 548 377 100.0%  1.43[-0.27,3.2] 10

Heterogeneity: Tau® = 7.54; Chi? = 69.60, df = 14 (P < 0.00001); I = 80% ) j ) *
Test for overall effect: 2 = 1.65 (P = 0.10 B B
est for overall effect: Z = 1.65 (P = 0.10) Control  BMMNC

Test for subaroup differences: Chi? = 2.84, df = 1 (P = 0.09), 2 = 64.8%

Figure 3. Forest plot of MRI-derived LVEF in patients treated with BMMNC. Figure A represents intracoronary
infusion of Bone marrow mononuclear cells (BMMNC) in patients with an acute myocardial infarction (AMI). Figure
B represents intramyocardial injection of BMMNC in patients with HF.

reductionin LVESV of -16.05 mL (95% Cl: -29.62 - -2.47, p=0.02). LVEDV remained unchanged. Moreover,
most trials revealed animprovement in NYHA classification. Unfortunately, the recent study by Heldman
et al., which compared BMMNC with autologous mesenchymal stem cells (MSC), did not report
the absolute effects on LVEF and volumes.'® Therefore, this study is not used in our analysis of
functional data.

When corrected for studies that used MRI derived parameters, LVEF remains significantly enhanced in
patients treated with BMMNC (+3.06%, 95% Cl 1.12- 5.01; P=0.002; Figure 3b, Table 2). However, the
significant effect on LVESV disappeared (-14.45 ml, 95% Cl -35.03 - 6.20; p=0.17).

No serious adverse events were reported in the trials regarding BMMNC transplantation, despite the
vulnerable patient population. BMMNC treatment resulted in a reduction of all-cause mortality in
ischemic HF patients (OR 0.34, 95% Cl 0.15 — 0.75, p=0.008; table 3) but not in other MACCE events.
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DISCUSSION

The current meta-analysis comprises 1453 AMI patients and 501 HF treated with BMMNC, as well
as 107 HF patients treated with SkM. We defined these cells as first generation of cardiac stem cell
therapy, because initial and most experience has been obtained with these cells. We found that
BMMNC therapy was safe in both patient groups. However, SkM injection resulted in a significant
increase in ventricular arrhythmias in treated HF patients. Our meta-analysis revealed that there is
a modest increase of 2% in LVEF in AMI patients treated with BMMNC, but this effect diminishes
when only trials are included that use MRI as imaging modality. In HF patients, we found a significant
increase in LVEF, irrespective of the imaging modality that was used in the trials. This beneficial effect
resulted in a decrease in all-cause mortality in treated patients with HF, which was absent in AMI

patients.

Clinical outcome

Several previous meta-analyses have reported beneficial effects of BMMNC therapy on clinical
end points in AMI patients as all-cause mortality, cardiac mortality, and the incidence of recurrent
myocardial infarction and stent thrombosis.>**!° These results do not correspond with our data.
Indeed, we found some discrepancies between these meta-analyses and the current manuscript. First,
and most importantly, in these analyses, data of both AMI and HF patients were pooled to increase
power. Also, some important negative studies as the HEBE trial were not included in their analysis,
whereas other studies were mentioned twice. Moreover, in the current study the odds ratio was
calculated to assess the effect on clinical end points, whereas another meta-analysis displayed clinical
outcome measures using the relative risk.!

The current paper for the first time separates both patient groups, and describes functional outcome,
as well as clinical outcome, in one manuscript. We found no clear effect on any pre-specified clinical
end point in AMI patients treated with BMMNC, whereas in HF patients the beneficial effect was
reduced to all-cause mortality alone. We believe that combining the results of these two distinct
patient populations in earlier meta-analyses has clouded outcome, and overestimated the effect of
BMMNC therapy. We should also keep in mind that all studies to date regarding BMMNC therapy were
designed as safety and feasibility studies. Hence, they were not powered to detect differences on
clinical endpoints. We hope that the forthcoming BAMI study (NCT01569178), with all-cause mortality
during 3-year follow up as primary end point, will render a definitive answer regarding the role of
BMMNC therapy in AMI patients. In this trial, 3000 AMI patients with EF below 45% will be included
and randomized to BMMNC therapy or optimal medical care. However, although this study has been

announced several years ago, thus far no patient has been included.

Cardiac MRI as reference imaging modality
The studies that drove initial enthusiasm of BMMNC-based heart repair following AMI used either
left ventriculography or echocardiography as imaging tool to assess cardiac function.?>?! Both imaging

modalities are known to be less accurate in determining cardiac volumes than the current golden
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standard, which is cardiac MRL.22 We believe that this, in combination with relatively low patient
numbers, could have overestimated the effects of BMMNC in AMI patients. In the current meta-analysis,
40% (8 out 21) of all trials used cardiac MRI as imaging modality, and correction for this parameter
resulted in a reduction of the treatment effect to non-significant values. This finding corroborates the
exploratory findings of Traverse et al.%, and should put the initial enthusiasm concerning BMMNC-
based therapies for AMI patients in a different perspective.

In patients with HF, however, improvement of LVEF remained within significant values, despite
correction for MRI as imaging modality. Although this effect of only ~3% seems modest, it could
have significant clinical implications. For instance, in the studies that assessed the effect of primary
PCI following AMI, a similar modest improvement in LVEF was found that eventually resulted in
pronounced effects on mortality.?>** The community of HF specialists has embraced these positive
findings by incorporating BMMNC therapy as a possible adjunctive treatment of HF patients in the

guidelines of the European Society of Cardiology for the treatment of HF.?

Are BMMNC the optimal cells for ischemic heart disease?

The mononuclear cell fraction of BM consists of a heterogeneous population of cells, predominantly
comprising white blood cells and its precursors. Less than 1% of all BMMNC are actual stem cells, the
majority of which are hematopoietic stem cells, but this fraction also includes endothelial progenitor
cells and mesenchymal stem cells (~0.01%).2>?” Following BM harvest, BMMNC are separated from
red blood cells and plasma, for instance using a Ficoll gradient, after which this whole heterogeneous
fraction is infused or injected.

This meta-analysis shows that even if there is an effect of BMMNC therapy in ischemic heart disease
patients, it is only modest. In the meanwhile, the field has progressed, and several newer generations
of stem cells have emerged. Some of these cells have already been tested is phase | and Il clinical
studies, whereas others are still in the preclinical testing phase. The next paragraphs summarize our

knowledge about some of these next generations of stem cells for cell-based cardiac repair.

What cell for what disease type?

As AMI and HF are two distinct conditions within different stages of the disease process, it seems
logical that the cell that fits one condition might not be the ideal cell for the other. Therefore, the
purpose of cell therapy should be defined for both diseases separately.

In AMI patients, we should strive to minimize damage inflicted by ischemia and reperfusion, thereby
reducing infarct size and thus delaying or abrogating LV remodeling. We believe that the ideal cell
for AMI patients has the following characteristics: 1) availability during the (hyper)acute phase of
the AMI, and; 2) have pronounced paracrine anti-apoptotic, pro-angiogenic, immuno-modulatory,
and anti-remodeling capacities, and/or; 3) mobilize or stimulate resident cardiac stem cell niches or
cardiomyocytes, and; 4) be autologous or non-immunogenic.

In contrast to AMI, HF is a chronic condition with a much broader time window for possible stem

cell transplantation. Ideally, in patients with heart failure due to systolic dysfunction, cells should be
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applied that can 1) influence the remodeling process, and have anti-apoptotic capacities and/or; 2)
mobilize or stimulate resident cardiac stem cell niches or cardiomyocytes, and/or 3) enhance blood
and nutrients supply by inducing angiogenesis; and/or 4) be multipotent, transdifferentiate into
functional cardiomyocytes, and contribute to the contractile apparatus.

Although BMMNC contain some of the characteristics mentioned above, we believe that there are

more potent candidates. For a complete overview of all cell types we refer to chapter 2 of this thesis.

CONCLUSION

BMMNC are not effective for the treatment of AMI-patients, whereas their benefit in HF patients is
modest at most. We believe that, to date, MSC are the promising candidate for cardiac repair in both
AMI and HF patients. Autologous and allogeneic MSC have been shown to reverse cardiac remodeling
following intracoronary and intramyocardial injection, in AMI and HF patients. This is probably
associated with their potent paracrine capacities, resulting in a stimulatory effect on resident cardiac
stem cells and cardiomyocytes, as well as reduction of apoptosis and extracellular matrix remodeling,
and a stimulation of neo-angiogenesis. Next to MSC, CDC and CSC are emerging, and the proof of
principle of these cells in HF has been established. The near future will probably prove whether these

cells have a definite place in this disease type.
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MATERIAL AND METHODS

Search strategy

Medline (July 2002-December 2013) and the Cochrane Central Register of Controlled trials (CENTRAL)
and the website of US Food and drug administration www.fda.gov were searched for relevant articles.
The search included all randomized controlled trials regarding stem cell therapy for the treatment
of and AMI, chronic heart failure or ischemic cardiomyopathy reported up to January 1% 2014. We
also searched for relevant abstracts and presentations on this topic reported in major cardiology
meetings. References in other articles were also investigated and included in the analysis whenever
deemed appropriate. Websites, including www.clinicaltrials.gov and www.clinicaltrialregister.eu, were
searched for ongoing trials and future trials. The following search strategy was applied: “stem cells”,

” o ” ”n ou

“progenitor cells”, “mononuclear cells”, “adipose tissue-derived regenerative cells”, “mesenchymal

VA ” o« ” o«

stem cells’, “cardiac-derived stem cells”, “bone marrow”, “vascular stromal fraction”, “adipose stem

”nou ” o« ”»ou ” o«

cells”, “mesenchymal-like stem cells”, “skeletal myoblasts”, “coronary artery disease”, “myocardial

” o«

infarction”, “heart failure” “cardiac repair”, and “myocardial regeneration”. Only articles published in
English were included. Limitations used in the search were the publication of the study within the last

10 years, limited to clinical trials and randomized controlled clinical trials.

Inclusion and exclusion of studies

Studies were included that met the following criteria: (1) randomized controlled trials with an
appropriate control group who received standard therapy, (2) conducted in patients with an
AMI that occurred less than 3 months before or patients with diagnosed heart failure or ischemic
cardiomyopathie (3) using stem cells that were administered by intracoronary, intravenous injection
or intramyocardial injection, (4) total of number of patients enrolled should exceed 10, (5) stem cells
were derived from adipose tissue, heart, skeletal muscle, bone marrow (6) given in an allogeneic or
autologous setting.

Only studies with a complete dataset and specified data on the amount of infused cells were included
in this meta-analysis. Studies that described the combination of circulating progenitor cells (CPC) or

CPC with granulocyte-colony stimulating factor (G-CSF) were excluded from this analysis to circumvent
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the potential confounding effect of G-CSF therapy on LV function and dimensions, although G-CSF was
previously proven ineffective as a mono-therapy for cardiac repair in AMI. When studies compared

C-GSF and stem cells, only the patients in the control and stem cell arm were used in this analysis.

Data abstraction

Two reviewers (RdJ, JH) independently screened abstracts and reported their results in a standardized
form. Data extracted from the articles were categorized in trial characteristics, functional outcome,
scar size and safety. The following parameters were extracted from the articles: Left ventricular ejection
fraction (LVEF), LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV), infarct size (MRI),
perfusion defect (SPECT) and major adverse cardiac and cerebral events (MACCE) rates. MACCE was
specified as: all-cause mortality, cardiac mortality, hospitalization for heart failure, in-stent thrombosis
and restenosis, target vessel revascularization, ventricular arrhythmia, ICD implantation and stroke.
Infarct size was expressed as the percentage of left ventricle infarcted (in %volume or mass). In the
various studies, different imaging modalities have been used to determine left ventricular ejection
fraction. Cardiac magnetic resonance imaging (MRI) was considered the golden standard. If more than
one imaging modality was included, all data was extracted for subgroup analysis. For studies with
more than 1 intervention arm (e.g. multiple doses) the weighted mean was calculated and applied for
the main analysis.(SI-3) In trials with multiple follow-up time points, the primary endpoint was used

in the main analysis.

Quality

The methodological quality of randomized controlled trials was tested by the Juni criteria.t

Data analysis

Left ventricular function was the primary endpoint of our analysis. In particular, we studied the
difference in mean LV ejection fraction change (LVEF, from baseline to follow-up) between patients
receiving stem cells and control treatment. We have applied inverse-variance weighting to combine
the results from independent studies. Most studies reported mean LVEF + one standard deviation
(SD) at baseline and follow-up. The mean LVEF, . was then determined as LVEF - LVEF

follow-u baseline’
whereas the D, e WS estimated according to the method that is described by Hristiw et al.? For
studies that report standard errors of the mean (SEM), SDs were determined as SEM*V(sample size).
In case interquartile ranges are reported, SDs are estimated as range/4. We applied a random effects
model to obtain an overall estimate of the treatment effect, which we report as point estimate and
95% confidence interval (Cl). Heterogeneity was analyzed with the I?statistic, and was defined as low
(25%-50%), intermediate (50%-75%) or high (>75%).
We have applied similar methodology to study several secondary endpoints, including (mean changes
in) left ventricular end systolic (LVESV) and end diastolic (LVEDV) volumes, infarct size as measured by
cardiac MRI, and perfusion defect as measured by SPECT. We applied the Mantel-Haenszel odds ratio

to obtain an overall estimate of the odds ratio for MACCE, again assuming random effects.
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All analyses were performed using Review Manager 5.2 analysis software (Rev Man, Version 5.2,
Copenhagen, The Nordic Cochrane Centre, The Cochrane collaboration, 2012). We considered p-values

<0.05 (two-sided) as statistical significant. Funnel plots were constructed to explore publication bias.

386 potential
articles, titles and
abstracts screened

263 excluded: animal
studies, heart failure,
unrelated topic, progenitor
cells, stent studies
123 potential
articles, titles and
abstracts screened
>|| 39 excluded: G-CSF
38 excluded: no
control group, irrelevant
sub-studies or study design
46 Articles
included in analysis
11 articles were relevant
follow up studies
35 studies: 30 RCT,
5 cohort studies
5 cohort studies excluded
BMMNC CD133+/CD34+ MSC/MSC-like [@h]a
22 RCT 4 RCT 3RCT 1 RCT

Supplemental Figure 1. Flow chart of search stem cell therapy in acute myocardial infarction

Supplemental figure S1: flowchart of search meta-analyses on stem cell therapy for the treatment of an acute
myocardial infarction. G-CSF indicates granulocyte- colony stimulating factor; RCT: randomized controlled trial;
BMMNC: bone marrow mononuclear cell.
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204 potential
articles, titles and
abstracts screened

68 potential
articles, titles and
abstracts screened

136 excluded: acute
myocardial infarct,
unrelated topic, progenitor
cells, stent studies

V.

16 excluded: G-CSF

46 Articles
included in analysis

46 studies: 24 RCT,

6 excluded: no
control group, irrelevant
sub-studies or study design

22 cohort studies
BMMNC Other cells
16 RCT 8 RCT

22 cohort studies excluded

Supplemental Figure 2. Flow chart stem cell therapy in heart failure patients
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ABSTRACT

Adipose tissue represents an abundant, accessible source of regenerative cells that can be easily
obtained in sufficient amount for therapy. Adipose-Derived-Regenerative-Cells (ADRC) are comprised
of leukocytes, smooth muscles, endothelial cells and mesenchymal stem cells. In contrast to bone-
marrow derived MSC, the abundance of adipose tissue in patients and the higher frequency per unit
mass of regenerative cells allows for the isolation of cells in therapeutic meaningful amounts in less
than 2 hours after donor tissue acquisition. Harvest of adipose tissue can thus follow primary PCI,
allowing efficient treatment within 24 hours. This obviates the need for extensive cell culturing in
GMP clean room facilities and makes ADRCs a promising and practical autologous cell source. In the
following chapter, we will describe the liposuction procedure for stem cell harvest, two cell delivery
techniques and pressure/volume loop analysis for the follow up of our patients enrolled in the clinical

studies.
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INTRODUCTION

The clinical utility of cardiovascular stem cell therapy passed the phase of proof-of-concept. After
14 years of research, this field is now entering phase Il clinical trials to treat ischemic heart disease.
Previous work in animal models shows the potential to improve tissue regeneration by neo-
angiogenesis, and more recently neo-myogenesis. The promise of this therapy is high, with multiple
disciplines working on cardiovascular ischemic models in the regenerative medicine field.!

In particular mesenchymal stem cells (MSC) appear to have many features that we specifically look
for in an ideal stem cell for cardiovascular disease. Preclinical and clinical studies showed that these
cells are highly proliferative in cell culture, and that they are capable of mediating cardiovascular
regenerative effects %3, through paracrine mechanisms that target resident cardiomyocytes and
vascular cells.* Long-term follow-up of patients, who received BM MSC stem cell therapy for the
treatment of acute myocardial infarction, showed a sustained improvement of global LVEF by 3.9%
and decreased infarct size at 5 year FU.°

The technique of isolating and subculturing autologous MSC stem cells is however logistically
challenging. Patients first have to undergo bone marrow puncture(40 cc). The bone marrow aspirate is
then transported to a GMP-certified facility, where the BM derived mesenchymal stem cell population
is selected by plastic adherence-isolation.®’ For a therapeutic relevant amount, a bone marrow graft of
40 cc has to be sub-cultured for 6-12 weeks. The culturing of allografts for a prolonged period of time
is inherently associated with an increased risk of graft failure and contamination.

One of the abundant sources of stem cells in adults are multipotent mesenchymal-like stem cells that
have been isolated from subcutaneous adipose tissue. First identified by Zuk 8, these mesenchymal-
like stem cells, act through their paracrine effects to improve angiogenesis, reduce ischemic-induced
apoptosis, modulate inflammation and enhance progenitor cell recruitment and differentiation. One
of the major benefits of adipose tissue is the ability to harvest ADRC in clinically relevant amounts
that would not require additional cell culture to generate sufficient numbers of stem cells. %
Within two hours after liposuction, from as little as 200 grams of lipo-aspirate, 40-60 million ADRC’s
can be isolated by simple centrifugation to separate the buoyant adipocyte fraction and the non-
buoyant vascular stromal fraction. Feasibility and safety of ADRC therapy has been demonstrated in
a multicenter, randomized, placebo-controlled trial in humans with STEMI (APOLLO) and Congestive
heart failure (PRECISE).*

MATERIALS

To perform liposuction under aseptic conditions, use a Toomey cannula with a standard tip up to 15
c¢cm long and a 4 to 6 mm inner diameter. For infiltration of the targeted liposuction regions in the peri-
umbilical region use a Toomey syringe and a 14 gauge, blunt LAMIS infiltrator to inject tumescent fluid
composition. We advise when removing fat in peri-umbilical region to do this symmetric, keeping the

overall area of aspiration as small as possible (Note 1).
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Liposuction
1. Check Hb and aPTT before initiation of the procedure for prevention or early detection of
bleeding(Note 2)
2. Always employ monitoring of ECG vital signs and blood pressure (every 5 to 10 minutes) during
procedure
3. Prepare a sterile field in around the peri-umbilical region
4. Anaesthetize the location of incision with a local injection Lidocaine (2%)
5. Make an approximately 0.5 cm stab skin incision
6. Infiltrate tumescent solution using a blunt LAMIS infiltrator and a volume ratio of 1:1 of
tumescent solution (Note 3) to the selected fat for harvesting
7. After 20-30 minutes, the fat is harvested using the Toomey aspiration cannula attached to the
50cc syringe
8. After the syringe is filled (complete filling is not required), the syringe is capped and ready for
transportation to isolation facility.
9. Continue liposuction until desire volume is achieved

10. Close surgical incision with appropriate suture

11. Apply standard elastic pressure corset immediately upon conclusion of tissue harvest

12. Check Hb and aPTT every hour for a minimum of 8 hours after the procedure

ADRC Isolation

The Celution™ system is essentially designed to automatically process lipo-aspirate tissue and

separate the ADRCs from the adipose tissue by enzymatic digestion of the tissue using centrifugation

to separate the non-buoyant ADRCs from the buoyant lipid adipocytes. The abundance of adipose

tissue in human subjects and the higher concentration of adult regenerative cells per unit mass of

adipose tissue allow for the isolation of an efficacious number of cells without having to sub culture

them in a laboratory.

METHODS

Intracoronary Infusion

1.
2.
3.

Place the therapeutic 7 Fr coronary guiding catheter into the culprit main vessel

Infuse 200 pg of Nitroglycerin through guiding catheter

Record fluoroscopy of target vessel in LAO and RAO projection with at least 90° difference to
quantify by online QCA

Record TIMI flow of the culprit vessel

Place 0.014 inch soft tipped CFR wire (Volcano, Cordova CA) into the culprit vessel distal to
stent edge.

Perform Coronary Flow Reserve measurement using adenosine continuous infusion at a rate
of 140 pg/kg/min

Place over-the-wire the infusion catheter in the stent in the culprit vessel



10.
11.

12.
13.

14.

15.
16.
17.
18.

19
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Remove flow wire from microinfusion catheter

Attach infusion syringe to central lumen of infusion catheter (Note 4)

Start infusion (Note 5) of ADRC cells at 2,5 ml per min

After 30% of the total cell suspension volume is infused, the infusion pump is stopped and
contrast dye is injected into the guiding catheter vessel to evaluate and record TIMI coronary
flow

Repeat step 11 after 60% of total cell suspension volume has been infused

After completion of the cell injection, insert coronary flow wire though the microinfusion
catheter

Perform Coronary Flow Reserve measurement using adenosine continuous infusion at a rate

of 140 pg/kg/min

Measure maximal coronary flow during adenosine hyperemia (Note 6)

Remove flow wire

Inject 200 pg of Nitroglycerin through guiding catheter

Record coronary angiography of the culprit vessel with 2 views, with at least 60° difference to
LAO recording for QCA analysis

. Evaluate and record level TIMI coronary flow in target vessel

Intramyocardial Injection by use of the Helix catheter ™ (BioCardia Inc., San Carlos)

1.
2.
3.

10.
11.
12.
13.

Place an 8 Fr Sheath into femoral artery artery

Perform LV gram in LAO and RAO projection (with at least 90° difference to the LAO recording)
Trace endocardial borders on transparencies overlaying the on-screen images during end
diastole and end-systole of the LV gram cycle

Mark non-contractile myocardial segments on the transparent

Place a guidewire in left ventricle

Advance the BioCardia Morph steerable catheter over the wire into the left ventricle and
remove the wire

Advance the Helix Infusion Catheter (HIC) through the Morph catheter. Advance the HIC
perpendicular to the targeted endo-ventriculair wall under fluoroscopic guidance

Engage the myocardium by 3 turns clockwise of the Helic Catheter

Confirm intra myocardial engagement by flush of contrast through the HIC against the intra
myocardial tissue

Start injection of 0.2 ml stem cell suspension by slow infusion over 30 seconds

After injection allow 30 seconds of dwelling time

Disengage the catheter by 3 counterclockwise turns

Repeat steps 7 to 12 until a total of 15 injections with 0.2 ml suspension are injected in the

target zone
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Pressure volume loop

1. Use a 27 Frarterial and an 28 Fr venous sheath in the femoral artery/venae

2. Place a Swan-Ganz thermo-dilution catheter in the pulmonary artery

3. Place conductance catheter along the long axis of the left ventricle under fluoroscopic guidance

4. Optimize conductance catheter position based on on-line PV signals

5. Determine blood resistivity by drawing 5 ml blood into cuvette

6. Perform thermo-dilution CO measurements three times, record pressure-volume loops during
CO measurements

7. Perform hypertonic saline injections (3x, 7 mL, 10% saline) via the distal port of the thermo-
dilution catheter, record pressure-volume loops during injections (preferably during breath-
holding at end-expiration)

Remove Swan-Ganz catheter
Place balloon occlusion catheter into inferior vena cava

10. Record positioning with cinegram without contrast

11. Record baseline pressure-volume loops during breath-holding at end expiration (approximately
10 sec)

12. Inflate balloon in vena cava position to reduce preload to LV and record pressure-volume loops
during LV unloading until systolic pressure drops by approximately 20 mm Hg (preferably with
breath-holding at end expiration)

13. Deflate balloon

14. Repeat once steps 11-13

NOTES

1. Patient must have the ability to undergo liposuction to obtain a minimum of 220 ml adipose
tissue.

2. Liposuction must not be performed on patient that previously received any llb/llla Glycoprotein
Inhibitor within seven days preceding the liposuction, or those who have received any
anticoagulant within 1 hour of liposuction and have an aPTT result of > 1.8 times the control
value

3. Prepare tumescent fluid with 1 mg epinephrine and 20 ml 2% Lidocaine in 500 ml Ringers
lactate

4. Make sure no blood or air bubbles reside in connector, flush with small amounts of saline if
necessary

5. For use in AMI, ADRCs suspended in a standard 20 ml/cc Lactated Ringers Solution may be
infused into the coronary artery via an angioplasty catheter or micro-infusion catheter
(TwinPass, Vascular Solutions, Mineapolis, USA)

6. Toinvestigate the effect on hemodynamic changes during the measurements, both resting and

hyperemic conditions should be measured twice
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ABSTRACT

Objectives APOLLO is a first-in-human, randomized, placebo-controlled trial to assess safety and
feasibility of intracoronary infusion of adipose tissue-derived regenerative cells (ADRCs) after
percutaneous coronary intervention (PCl) for acute myocardial infarction (AMI).

Background ADRC treatment following AMI showed favorable safety results and hints of efficacy at
6 months follow-up in a previous concise report. This is the first complete report of the APOLLO trial,
and extends functional findings to 18 months, and clinical follow-up to 36 months.

Methods A total of 14 patients were randomized to receive intracoronary infusion of ADRCs (n=10) or
placebo (n=4) within 24 hours following the primary PCI. The patients were monitored for procedural
and postoperative safety, and the occurrence of adverse events with follow-up to 36 months.
Functional analysis was performed by echocardiography, cardiac MRI, and nuclear imaging at baseline,
6 and 18 months.

Results Liposuction, but also intracoronary infusion of ADRC, was well tolerated in all patients. Through
36 months of follow-up, 2 ADRC and 1 placebo patient had experienced major adverse cardiac events
requiring target lesion revascularization. No adverse events were associated with ADRC therapy.
At 6 and 18 months, intracoronary ADRC infusion, but not placebo infusion, significantly improved
perfusion defect, and also coronary flow reserve, while significantly decreasing the percentage of left
ventricle infarcted.

Conclusions ADRC infusion proved to be safe during 36 months of clinical follow-up. Moreover,
ADRC infusion was associated with improved perfusion and decreased infarct size through 18-month

functional follow-up.
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INTRODUCTION

Although regenerative cell therapy holds great promise for the adjunctive treatment of acute
myocardial infarction (AMI) patients, the ideal progenitor cell still needs to be defined. Autologous
adipose tissue-derived regenerative cells (ADRCs) can be readily obtained from subcutaneous
adipose tissue in amounts that are sufficient for therapy.** ADRCs are similar to bone marrow-derived
mesenchymal stem cells (MSCs) in their potential for differentiation and secretion of relevant growth
factors and cytokines.*® In contrast with the challenging and lengthy process required for deriving
MSCs from bone marrow, the abundance of adipose tissue in patients and the higher frequency of
regenerative cells per unit mass in that tissue can allow for isolation of a relevant number of cells in
fewer than 2 hours from the time of donor-tissue acquisition. These factors of processing time and
quantity with ADRCs eliminate the need for extensive ex vivo cell culturing and allow for treatment of
AMI patients within hours after the primary PCI.

In vitro studies have shown that ADRCs secrete significant amounts of pro-angiogenic, anti-apoptotic
and immunomodulatory factors, and that they can differentiate into spontaneously beating cells with
cardiomyocyte features.”* Also, several studies have demonstrated therapeutic efficacy of ADRCs in
animal models of experimentally induced AMI and of chronic myocardial injury.2

The goal of the first-in-human “AdiPOse-derived stem ceLLs in the treatment of patients with ST-
elevation myQcardial infarction” (APOLLO) trial was to extend the findings in pre-clinical investigations
into the clinic and determine the long-term safety and feasibility of intracoronary infusion of ADRCs
in patients within hours after successful PCl and stenting for acute ST-segment elevation myocardial
infarction (STEMI). The earlier published concise report on the six-month follow up of the APOLLO trial
showed a favorable safety profile and, among others, decreased infarct size and increased myocardial
perfusion in ADRC-treated patients.'” Here, we fully describe the trial, and extend the clinical follow
up to 36 months. Also, several indices of cardiac function, remodeling, infarct size and myocardial

perfusion have been included, thereby adding important, yet exploratory, parameters of efficacy.

METHODS

Study population and design

The APOLLO trial is a prospective, double-blind, randomized, placebo-controlled, phase 1/lla, first-in-
man trial of the safety and feasibility of ADRC therapy via intracoronary infusion in the treatment
of acute STEMI patients, successfully treated by PCl and stenting. The trial was conducted between
November 2007 and May 2009. The trial was approved by the institutional and national review boards
at the participating sites, and was conducted in accordance with the Declaration of Helsinki and ICH
E6 Good Clinical Practice Guidelines. Written informed consent was obtained from all patients before
trial enroliment.

Patients were eligible for enrollment in the trial, if they were 20 to 80 years of age and had been
successfully treated with standard care (PCl and drug-eluting stent placement) within 2 to 12 hours of

the acute onset of STEMI symptoms. All other inclusion and exclusion criteria are detailed in Table 1.
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Table 1. Selected inclusion and exclusion criteria in the APOLLO study

Inclusion criteria

Clinical symptoms consistent with acute myocardial infarction (AMI) (pain, etc.) for a minimum of 2 and a
maximum of 12 hours from onset of symptoms to percutaneous coronary intervention (PCl), and unresponsive
to nitroglycerine

Successful revascularization of the culprit lesion in the major epicardial vessel within 2 to 12 hours of the onset
of AMI symptoms

Area of hypo- or akinesia corresponding to the culprit lesion, as determined by left ventriculogram at the time
of primary PCI
Left ventricular ejection fraction (LVEF) 230% and <50% at the time of successful revascularization.

Ability to undergo liposuction

Exclusion criteria

Prior M, prior known cardiomyopathy, or prior hospital admission for congestive heart failure (CHF)
Significant valvular disease, need for mechanical intervention, or cardiogenic shock

Staged treatment of coronary artery disease, or other interventional or surgical procedures to treat heart dis-
ease (eg, valve replacement, PCI, or CABG) planned or scheduled within 6 months after the study procedure

Hemodynamic instability within 24 hours prior to randomization, defined as the presence of any of the follow-
ing:

Systolic blood pressure <90 mmHg

Heart rate >100 bpm for more than 1 hour

Prior ventricular fibrillation or sustained ventricular tachycardia

Patients with increased bleeding risk including but not limited to: (a) those who have received any glycoprotein
inhibitor within 7 days preceding the liposuction; or (b) those who have received any anticoagulant within 1
hour of liposuction or who have an aPTT result of >1.8 times the control value

Persistent atrial fibrillation

Neoplasia

Pacemaker, ICD, or any other contraindication for MRI
LVEF <30% or >50%

Moderate or severe COPD

Pre-enrollment screening of the post-PCl patients included, among others, 2D-TTE to confirm that post-
AMI LVEF was between 30 and 50%, after which informed consent was obtained. Following enroliment,
patients underwent a standard liposuction procedure to harvest approximately 200cc of lipoaspirate
as described below. At this point, the patients were randomized 3:1 (by interactive voice-response
system) to receive an injection of either autologous ADRC or placebo solution (lactated Ringer’s
solution with autologous peripheral blood making it indistinguishable from the study substance) via
intracoronary infusion into the stented culprit coronary artery within 24 hours of the PCI.

In the immediate postoperative period, patients were monitored for arrhythmias using telemetry in
the first 72 hours and Holter monitoring at week 1 through 3, and month 1 through 4, 6, 12, 18, 24, and
36. Per protocol, 2D-TTE, cardiac magnetic resonance imaging (CMR), and gated cardiac single photon
emission computed tomography (SPECT) were scheduled 2 to 4 days post procedure and at 6 and 18
months. Coronary angiography and Doppler coronary flow measurements were performed before

ADRC infusion, directly following ADRC infusion and at 6 month follow up. The imaging studies and
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Holter recordings were analyzed by blinded core laboratories: Medstar Research Institute, Washington,
DC, USA, for 2D echocardiography; Cardiovascular Core Laboratories, Boston, MA, USA, for CMR; Tufts
New England Medical Center, Boston, MA, USA, for SPECT; and Agility Centralized Research Services,

Bannockburn, IL, USA, for Holter monitoring.

Cell collection, preparation, and infusion

Adipose tissue was harvested by syringe-based lipoaspiration in a standard protocol-detailed
procedure.’®* ADRCs were isolated from the lipoaspirate by use of the Celution® system (Cytori
Therapeutics Inc., San Diego, CA), as previously described.' The Celution® system enzymatically digests
the adipose tissue into a single cell suspension and uses differences in buoyancy to separate ADRCs from
fat cells. The ADRCs are then further enriched and concentrated in suspension via series of washing
and centrifugation steps within a procedure of approximately 120 minutes. Following randomization
and blinding by the hospital pharmacist, the ADRC or placebo suspension was subsequently infused
using a micro catheter (Twin Pass, Vascular Solutions, USA) placed in the culprit vessel at an infusion
rate of 2 mL/min (~2.5 million ADRCs/min).

In order to ensure patient safety in this first-in-man application of ADRCs into coronary arteries, the
current trial was originally conceived with a dose-escalation design, progressively employing doses of
20x10°, 40x10°, 60x10°, and 80x10° ADRCs. The initial dose in the trial, up to 20 x 10°, is a quarter of
the maximum dose that was deemed safe and efficacious in preclinical porcine AMI studies.** When
proof of concept was established with 20 million cells, and trial enrollment reached 14 patients, the
trial steering committee and data safety monitoring board recommended that the original plan of

dose escalation be discontinued in favor of a larger prospective, phase 2A/2B trial.

Endpoints

Standard safety assessments were performed at 1, 3, 6, 12, 18, 24, and 36 months. Safety endpoints
included: the rate of major adverse cardiac and cerebrovascular events (MACCE; defined as the
incidence of cardiac death, re-AMI, target site revascularization and/or stroke), the rate of serious
adverse events (SAEs) and adverse events (AEs); and the occurrence of arrhythmic events as
documented by the scheduled Holter recordings. Additional safety follow-up assessments included
coronary flow reserve in the treated vessel before and after cell infusion, and differences and change
from baseline in pro-brain natriuretic peptide type B levels (pro-BNP).?° An independent, international
Data Safety Monitoring Board (DSMB) and critical event committee (CEC) reviewed and adjudicated
all MACCE and SAE events.

Efficacy endpointsincluded: measurement of the LV volumes and LVEF and of the change in LV volumes
and LVEF from baseline, to 2 to 4 days post treatment, and 6 and 18 month follow up (2D-TTE), and
from 2 to 4 days post treatment to 6 and 18 month follow up (CMR); determination of the change in
percentage of LV infarcted and infarct mass (as measured by delayed-enhancement CMR (DE-CMR));
and determination of the change in perfusion defect from 2 to 4 days post treatment to 6 and 18
month follow up (SPECT).
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Perfusion defects were expressed as the Visual Rest Score (VRS) and Total Severity Score (TSS), and
are determined by the uptake of sestamibi into non-ischemic myocardium using a semi-quantitative,
17-segment scoring system in three short-axis slices. The VRS is defined as the weighted mean of the
reader's visual perfusion scores over the target segments, whereas TSS represents an integration of
the extent and the severity of the perfusion abnormality at rest by quantitative analysis. The latter

represents the extent and severity of infarct or hibernating viable myocardium at rest.

Statistical analysis

APOLLO was primarily a safety and feasibility study, whereas first signs of possible efficacy were
explored. All statistical tests were therefore considered exploratory, in the absence of prespecified
hypotheses. All statistical tests are two-sided, and statistical significance is assessed with respect
to a nominal p value <0.05. No prior sample size calculations were performed. The sample size was
based on clinical judgment, with the goal of obtaining meaningful safety and feasibility information,
while minimizing unnecessary patient exposure. Continuous variables are summarized by means and
standard deviations. Categorical variables are summarized by counts and percentages of patients in
the respective categories. All analyses and tabulations were performed using SAS software, version 8.2
or higher (SAS Institute Inc., Cary, NC, USA).

RESULTS

Patient population and baseline revascularization procedure

Between November 2007 and May 2009, 14 patients (12 men, 2 women, all Caucasian) were
enrolled at the 2 study sites (Figure 1). Of the patients enrolled, 10 patients (61.0 + 6.4 years [49 to
72 years]) were randomized to treatment with ADRCs; and 4 patients (55.0 + 14.9 years [42 to 72

years]) were randomized to treatment with placebo solution. Table 2 summarizes the demographic

Table 2. Patient demographics and baseline characteristics (n = 13).

ADRC (n=9) Placebo (n = 4)

Age (yrs) 61+2.1 55.0+7.5
Male sex (%) 78 100.0
Weight (kg) 86.2+9.1 823+125
Body mass index (kg/m?) 27.5+3.0 27.6+£3.3
Hypertension (%) 66.7 50
Smoking (%) 66.7 50
Diabetes (%) 20 25
CK-MB (umol/l) 78.0+3.9 92.0+5.7
NT-proBNP (pmol/l) 250 + 86 225+116
Residual TIMI 3 coronary flow 100 100
LAD lesion 100 100

Data are reported as mean * standard deviation
CK-MB = Creatine kinase-myocardial band
NT-proBNP = N-terminal pro-B-type natiuretic peptide
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18 patients screened

4 screen failures

14 patients randomized

4 placebo patients 10 patients w.
ADRC treatment
allocation

| |1 patient excluded:
inappropriate filter

9 patients
per treatment
evaluated

1 patient refused
L CMRdueto

claustrophobia Figure 1. Flow chart of the APOLLO trial.
ADRC: adipose tissue-derived regenerative
cells; CMR: cardiac magnetic resonance
4 patients CMR 8 patients CMR 'T]a%'”g" MIBI-SPECT: tszs:amubu S'r:‘gle
4 patients MIBI-SPECT 9 patients MIBI-SPECT photon-emission computed tomograpny

and angiographic characteristics of both groups at baseline. All patients were admitted with an acute
anterior myocardial infarction based on a proximal occlusion of the LAD.

Before enrollment and randomization, all patients were successfully revascularized. One patient
presented with an acute myocardial infarction based on an in-stent thrombosis of a previously treated
mid-LAD lesion 10 years before, and was treated by balloon angioplasty only. After enroliment, this
patient was randomized to placebo and was included in safety, feasibility and efficacy analyses,
although the balloon angioplasty of the previously implanted stent technically represented an

inclusion criterion violation.

Adipose tissue harvest and intracoronary injection results

The syringe-based lipoaspiration procedure was well tolerated in all patients, although the first two
enrolled patients experienced significant subcutaneous bleeding in the peri-umbilical area following
lipoaspiration. After these 2 bleeding events, protocol amendments were made to exclude the use

of glycoprotein Ilb/llla inhibitors within 7 days preceding liposuction and to strengthen strict control
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of anticoagulation by heparin after the primary PCl, permitting lipoaspiration only in patients with
an aPTT-ratio <1.8. After these protocol amendments, there were no more serious bleeding events
reported in the remaining patients. The mean amount of adipose tissue harvested was 210 + 43.3
mL for the treatment group and 181.8 + 41.5 mL for the placebo group. The intracoronary infusion
required between 6 to 5 minutes to complete.

The 10 patients in the active treatment group received a mean dose of 17.3 x 10° ADRCs. For one
of these patients, the use of an inappropriately sized filter (0.2 um instead of 43 um) during the
intracoronary injection may have reduced the number of infused ADRCs. Therefore, data for this

patient were therefore excluded from all feasibility outcome analyses.

SAFETY RESULTS

Bleeding events

In the first four patients enrolled, there were 2 TIMI grade major bleeding events, which were
considered SAEs related to the liposuction procedure. In one of these patients, glycoprotein llb/llla
inhibition was initiated in the ambulance. In the other patient, a similar but less severe hematoma
occurred at the liposuction site, probably associated with a prolonged aPTT (>240 seconds). After

the protocol amendments related to the anticoagulation status of these post-PCl patients, the only
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bleeding events that were reported were regarded as TIMI grade minor or minimal, and required no

intervention.

Intracoronary infusion, TIMI flow and coronary flow reserve

Intracoronary infusion of ADRCs was successful and well tolerated in all patients, and did not result in
any coronary flow impediment, as assessed by TIMI flow rate or quantified by coronary flow reserve
(CFR). In both ADRC-treated patients, as well as controls, CFR remained unchanged before and after
cell infusion (Figure 2A).

Interestingly, at six-month follow-up, the CFR had increased significantly by 60% in ADRC-treated
patients from 1.57 + 0.39t0 2.51 + 0.74 (p= 0.031), as opposed to a non-significant increase of only 4%
(from 2.37 £ 0.85 to 2.47 £ 0.72; p=0.93; Figure 2B) in the placebo group.

Table 3. Summary of MACCE*, Serious Adverse Events and Arrhytmias.

Placebo ADRC' p-value
(n=4) (n=9)
MACCE*
Patients with at least 1 MACCE event 1(25%) 2 (22%) NS
Target lesion revascularization 1(25%) 2 (22%) NS
Serious Adverse Events (SAE)
Patients with at least 1 SAE 2/4 (50%)* 5/9 (56%)* NS
Cardiac 1/4 (25%) 3/9 (33%) NS
Unstable angina pectoris 1(25%) 1(11%) NS
Atrial fibrillation 0 1(11%) NS
Coronary artery stenosis 0 1(11%) NS
Non cardiac 2 (50%) 2 (22%) NS
Non-cardiac chest pain 1(25%) 0 NS
Neoplasms (pituitary tumour) 1(25%) 0 NS
Peripheral artery disease 0 1(11%) NS
Pain in extremity 0 1(11%) NS
Post-procedural 1(25%) 1(11%) NS
Bleeding post-liposuction 1(25%) 1(11%) NS
Ventricular arrhythmia
At least 1 NSVT® 2/4 (50%) 4/9 (44%) NS
NSVT episodes/patient 2.8+1.0 0.6+0.3 0.048

Values are presented as n. *MACCE: major adverse cardiac or cerebral event; "ADRC: adipose tissue-derived
regenerative cells; *some patients experienced more than one SAE; NSVT: non-sustained ventricular tachycardia
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Incidence of MACCE / SAE up to 36 months clinical follow-up

There were 3 MACCE events divided over two treated patients (2/9; 22%), and 1 placebo patient (1/4;
25%; p= NS). All MACCE were target vessel revascularizations (TVR). One patient in the treatment
group presented with unstable angina pectoris 2 months following the index procedure, due to a
thrombus proximal to the stent in the culprit vessel. In this patient, an anti-phospholipids syndrome
was diagnosed as the probable cause of the repeated arterial thrombotic events. The other patient
had an asymptomatic de novo lesion proximal to the stent in the target vessel at 6 months routine
angiographic follow-up. Although asymptomatic, the fractional flow reserve was 0.67, and the patient
was subsequently treated by direct stenting of the lesion. Also, one patient in the placebo group
underwent TVR, after presentation with unstable angina pectoris more than two years following the
index event. Ten SAEs were reported in 7 of the 14 patients over the 36 months follow-up — 6 events
in 5 ADRC-treated patients, and 4 events in 4 of the placebo-treated patients. Two of these 10 SAEs
were the TIMI grade major bleeding events associated with the liposuction procedure in 2 patients as
described above. Six of the SAEs were considered to be related to the underlying disease. One SAE, a
surgical excision of a benign pituitary tumor, was considered to be unrelated to either the treatment,
or the underlying disease (Table 3). There were no deaths, strokes or repeat AMIs through the 36

month follow-up. There were no significant differences in MACCE-rate or SAEs between both groups.

BNP levels

At 6 months and 18 months follow-up, there was a continued decrease in pro-BNP. In the ADRC group,
pro-BNP values decreased from 235.0 + 240.9 pmol/L at baseline to 108.6 + 158.2 pmol/L at 6 months
(-32,3; p=0.19) and to 39.4 + 45.4 pmol/L at 18 months (- 195,6; p = 0.03). In the placebo group, pro-
BNP values decreased from 224.8 + 232.3 pmol/L, to 115.2 + 175.4 at 6 months (-109,60; p = 0.30), and
t0 39.8 + 43.0 pmol/L at 18 months (-185,0; p = 0.18). There was no significant difference between the

groups at the different time points.

Holter monitoring for arrhythmia
No ventricular arrhythmias were reported in either treatment group between 1 and 4 days post-
treatment by the continuous 72-hour telemetry and Holter monitoring. Following discharge,

ambulatory 24 hour holter recordings were performed weekly for the first four weeks after the index

Table 4. Ventricular arrhythmia and ventricular ectopy.

Placebo ADRCs p-value
(n=4) (n=9)
Ventricular tachycardia (VT)
At least 1 episode of VT 2/4 (50%) 4/9 (44%)
Total episodes 11 7 0.44
Episodes/patient 28+1.0 0.6+0.3 0.048
PVC/patient/24 hour 616 + 151 48.2 +10 0.014

Values are presented as n.; P-values are determined using two-tailed Chi-square tests when applicable
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procedure, and subsequently every month afterwards until 6 months of follow-up, and also at 12, 18,
24 and 36 months of follow up.

ADRC therapy was associated with a significant reduction of ventricular ectopy and the number of
ventricular arrhythmias. The number of premature ventricular contractions (PVC) per 24 hour holter
recording was markedly reduced in ADRC-treated patients as compared to control patients (48 + 10 PVC
vs. 616 £ 151 PVC, p= 0.014). Moreover, a total of 7 episodes of non-sustained ventricular tachycardia
(NSVT) were detected in 4 out of 9 ADRC-treated patients (44%), as compared to 11 episodes in 2 out
of 4 placebo patients (50%). On average, each patient in the control group experienced 2.8 episodes
of NSVT as opposed to only 0.6 episode of NSVT per ADRC-treated patient (p= 0.048). Holter data are

summarized in table 4.

Efficacy results

Left ventricular Infarct size

Treatment with ADRCs resulted in a substantial and significant reduction of the percentage of LV
infarcted at 6 months and 18 months follow-up, as opposed to a non-significant change in placebo
controls. In the ADRC-treated patients, the percentage of LV infarcted decreased by -51.3% from
baseline to 6 months (from 31.6 + 15.1% to 15.4 + 7.4%; p = 0.002), and by -38.2% from baseline to 18
months (19.5 + 10.7%; p = 0.01). In the placebo-treated patients, the percentage of LV infarcted was
-25.1% at 6 months (from 24.7 + 18.3% to 18.5 + 14.0%; p = 0.11), and -18.2% at 18 months (20.2 +
15.9; p = 0.16; figure 3A).

Myocardial Perfusion

In the placebo group, the visual rest score (VRS) first deteriorated by +11.6% (15.0 £+ 9.9 to 16.8 + 8.7,
P=0.73) from baseline to six months, but eventually remained unchanged at the 18 month time point
(14.8 £ 10.2; p=0.54). In contrast, treatment with ADRC resulted in a significant -36% reduction of the
perfusion defect from 16.9 + 5.9 to 10.9 * 6.7 after six months (p=0.004), which sustained after 18
months (-33% to 11.3 + 5.9; p= 0.007; Figure 3D).

The total summed score (TSS) showed similar results, with a minimal improvement from 11.3 + 9.3 at
baseline to 10.5 + 5.7 after 6 months (p= 0.55), and to 10.8 + 7.2 after 18 months (p=0.30) in placebo
patients. ADRC-treated patients however, exhibited a 35% improvement from 13.8 + 4.9 t0 9.0 + 5.2
after 6 months (p= 0.004) and a sustained 36% improvement to 8.9 + 3.6 (p< 0.001; Figure 3E) after
18 months. This represents a 3-fold reduction of the rest perfusion defect of the left ventricle in cell-
treated patients at 18 months follow-up, as compared to control patients (p=0.238), suggestive of

improved myocardial perfusion with sustained myocardial viability.

Left ventricular volumes and ejection faction
The parameters of left ventricular volumes and global LVEF by 2D-TTE and CMR are summarized in
Table 5. When assessed by CMR, LV volumes increased equally in both groups. EDV in placebo patients
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Figure 3. Infarct size and perfusion defect.

3A: The percentage of LV infarcted decreased by 50% after 6 months of follow-up. This effect sustained even
after 18 months, whereas there was no change in the control group. 3B. Representative example of the change
in infarct size in ADRC-treated patients as assessed by DE-CMR. The top panel shows an infarct (red arrow) at
baseline, the bottom panel shows the infarct in the same patient after 6 months. 3C: Representative example of
enhanced perfusion as seen in ADRC-treated patients as assessed by MIBI-SPECT imaging. The top panel clearly
shows reduced perfusion in the anterior wall (red arrow) at baseline, which improved after 6 months (bottom
panel). 3D: Quantification of the enhanced perfusion by the visual rest score (VRS) and 3E: total summed score
(TSS). Both VRS and TSS improved significantly in ADRC-treated patients after 6 and 18 months, as opposed to no
change in placebo patients.

ADRC: adipose tissue-derived regenerative cells; DE-CMR: delayed enhancement cardiac magnetic resonance
imaging; MIBI-SPECT: sestamibi single photon-emission computed tomography. ** P< 0.01

increased by 18% from 171.5 + 12.8 mL to 202 + 60.5 mL (p= 0.76) and by 17% in ADRC-treated
patients (from 166.5 + 41.8 mL to 195.6 + 45.1 mL; p= 0.01), whereas ESV increased from 88.5 + 15.4
mL to 104.2 + 55.9 mL (p= 0.65) and from 80.1 + 33.0 mL to 100.0 + 49.0 mL respectively (p= 0.021).
LVEF slightly increased in placebo patients, as compared to a small non-significant decline in the
treatment group (p= 0.47). Importantly, the differences between groups were not statistically
significant.

When assessed by echocardiography, LV volumes progressively increased over the 18 months follow



First and final results of the APOLLO trial | 137

up period in both groups, but more in the placebo than in the ADRC-treated group. More specifically,
LV end-diastolic volume (EDV) increased by 43% in placebo controls (from 107.5 + 19.3 mL at baseline
to 153.7 £ 61.0 mL after 18 months; p= 0.22), whereas in the treatment group, EDV increased by 25%
from 116.8 + 25.3 mL to 146.4 + 20.4 mL (p= 0.013). End-systolic volume (ESV) in placebo patients
increased by 35% in placebo patients from 60.4 + 7.6 mL to 81.5 + 45.4 mL (p= 0.37), and by 15% in
ADRC-treated patients (from 63.0 £ 17.9 to 72.4 + 23.6 mL; p 0.20). LVEF significantly improved in
ADRC-treated patients from baseline to 18 months follow up (46.1 + 7.4% to 51.4 + 9.6%; p= 0.014)
as opposed to a non-significant change in placebo patients (43.5 + 5.8% to 48.8 + 8.2%; p= 0.25).

However, the difference between groups was not statistically significant (p= 0.09).

DISCUSSION

The APOLLO trial is the first-in-man experience of intracoronary infusion of adipose tissue-derived
regenerative cells (ADRCs) in the treatment of patients with ST-elevation AMI. The most important
findings over 36 month follow-up are that the liposuction can be performed safely briefly following
an AMI, whereas no MACCE or serious adverse events were related to the ADRC therapy. Also, ADRC
therapy had no apparent pro-arrhythmogenic effects, but rather appeared to reduce the occurrence
of ventricular arrhythmias and ectopy. Although exploratory, ADRC infusion seemed to result in a
sustained improvement of the perfusion defect and a reduction of myocardial scar formation, whereas
coronary flow reserve in the culprit vessel was significantly enhanced.

In the APOLLO study, limited liposuction in the acute phase of a myocardial infarction appeared to be
well tolerated. Although two patients experienced significant bleeding, this was likely to be associated
with anti-coagulation therapy in these particular cases. After modification of the protocol to monitor
for normalization of the aPTT prior to the liposuction procedure, and to exclude patients with prior
treatment with glycoprotein-IIblila-inhibitors, the remaining patients were uneventful. However, post-
liposuction bleeding may still represent a concern in the following studies and needs to be carefully
monitored.

During cell infusion, coronary flow was monitored carefully by regular assessment of TIMI flow and
by CFR analysis. Although intracoronary infusion of BM-derived and cell culture-expanded MSC has
raised concerns in pre-clinical studies with respect to micro-vascular obstruction and myocardial
infarction 2?2, the intracoronary infusion of freshly isolated ADRCs did not result in any detectable
effect on coronary flow. The observed lack of vascular obstruction in the APOLLO patients corroborates
the concept that direct isolation and infusion of ADRCs may circumvent the issues of microvascular
plugging, although in the APOLLO trial a relatively low dose was applied.

No significant difference was observed between the occurrence of MACCE, SAE or AE in the ADRC-
treated and placebo control group. Importantly, the independent DSMB considered no causal
relationship between the MACCE and SAE events and ADRC therapy. Furthermore, ADRC therapy
did not have any pro-arrhythmogenic effect. On the contrary, ADRC therapy was associated with a

reduction of ventricular arrhythmias and ventricular ectopy. This is in line with other clinical and pre-
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clinical observations in cell therapy studies, and might be correlated with the reduction of scar size and
improved myocardial perfusion in ADRC-treated subjects.?**

In the APOLLO trial, ADRC therapy was initiated within 24 hours following the primary PCI. This is in
contrast to many previous clinical studies in which cell therapy was initiated in the sub-acute phase of
the AMI.%¢ However, one of the presumed working mechanisms underlying the beneficial effect of cell
therapy is the prevention of cardiomyocyte loss by paracrine release of anti-apoptotic, pro-survival
and immunomodulatory factors.”®?’ In line with this concept, cell therapy should be initiated as early
as possible, when cardiomyocytes are at the highest risk of ischemia/reperfusion-induced apoptosis
or necrosis, and the inflammatory response in the infarct area is most pronounced. The feasibility
of ADRC therapy directly following reperfusion was demonstrated in various large animal models of
AMI.*228 Although only 8 patients were analyzed with CMR in the treatment group, the significant and
sustained reduction in infarct size may indeed suggest cardiomyocyte salvage evoked by the infused
ADRC. A future phase Il study will have to confirm these promising data in a larger patient cohort.

In addition to paracrine anti-apoptotic and immunomodulatory factors, ADRCs are known to secrete
multiple pro-angiogenic factors 23! As a result, ADRC transplantation in pre-clinical AMI studies
consistently resulted in increased capillary density and improved perfusion in the infarct border
zone, resulting in preserved cardiac function.?*?3% |n our clinical study, significant and sustained
improvement in both coronary flow reserve (+60%) and perfusion defect (-36%) were found at 6,
and 18 months follow-up, as opposed to no change in the control patient group. Interestingly, in the
landmark REPAIR-AMI trial, CFR was also profoundly enhanced 32, which seems to confirm the pro-
angiogenic and reparative potential of infused regenerative cells in AMI patients. The observations
in the current study indicate that ADRCs may promote (neo-)angiogenesis in the peri-infarct region
resulting in improved myocardial perfusion, thereby possibly limiting ischemic damage and ultimately
improving function.

In conclusion, ADRC therapy appears to be safe and feasible in the acute phase of an AMI. Although
in these small patient numbers no statistically significant effect on global LV function was found,
significant improvements through 18 months follow up in infarct size, perfusion defect, coronary flow
reserve, and arrhythmia suggest a possible beneficial effect. The obvious major limitation of this phase
I/lla trial is the small sample size, although the study has been performed in a randomized, double-
blind fashion with analysis of imaging and holter end-points by independent core laboratories.
Importantly, the possible beneficial effects are consistent with the findings in pre-clinical AMI studies,
and concordant with the presumed pro-angiogenic, anti-apoptotic, and immunomodulatory working
mechanism of ADRC therapy. ADRCs may thus represent an attractive adjunctive therapy to primary
intervention of patients with a large AMI. However, further randomized, controlled trials are needed
to confirm these promising results. The ADVANCE trial (ClinicalTrials.gov identifier: NCT01216995) is a
prospective, randomized, double-blind, placebo-controlled, phase Ilb/Ill clinical trial that will enroll up
to 375 patients with STEMI in up to 35 centers in Europe. The primary endpoint of ADVANCE will be the
reduction in infarct size at 6 months by DE-CMR expressed as a percentage of left ventricle infarcted.
Completion of ADVANCE is expected in 2014.
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ABSTRACT

Rationale Mesenchymal precursor cells (MPC) are a specific stro3+ sub population of mesenchymal
stem cells (MSC) isolated from bone marrow. MPC exert extensive cardioprotective effects, and are
considered to be immune-privileged.

Objective This study assessed the safety, feasibility and efficacy of intracoronary delivery of allogeneic
MPC directly following acute myocardial infarction (AMI) in sheep.

Methods and results Initially, intracoronary delivery conditions were optimized in 20 sheep. These
conditions were applied in a randomized study of 68 sheep with an anterior AMI. Coronary flow was
monitored during MPC infusion and cardiac function was assessed using invasive hemodynamics and
echocardiography at baseline and during 8 week follow up.

Coronary flow remained within TIMI Ill definitions in all sheep during MPC infusion. Global LVEF as
measured by PV-loop analysis deteriorated in controls to 40.7+2.6% after eight weeks. In contrast,
MPC treatment improved cardiac function to 52.8+0.7%. Echocardiography revealed significant
improvement of both global and regional cardiac function. Infarct size decreased by 40% in treated
sheep, whereas infarct and border zone thickness were enhanced. LV adverse remodeling was
abrogated by MPC therapy, resulting in a marked reduction of LV volumes. Blood vessel density
increased by >50% in the infarct and border areas. Compensatory cardiomyocyte hypertrophy was
reduced in border and remote segments, accompanied by reduced collagen deposition and apoptosis.
No micro-infarctions in remote myocardial segments or histological abnormalities in unrelated organs
were found.

Conclusion Intracoronary infusion of allogeneic MPC is safe, feasible and markedly effective in a large

animal model of AMI.
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INTRODUCTION

Post myocardial infarction (AMI) left ventricular (LV) remodeling can lead to the clinical syndrome of
heart failure, which is an increasing public health issue in the Western world. Although interventional
and pharmacological therapy has improved over the past decades, the mortality and morbidity of
heart failure is still considerable.”? Regenerative cell therapy to prevent adverse remodeling is one of
the potential adjunctive therapies that has been under extensive investigation over the past few years,
with promising results in phase | and Il clinical trials.?

Although promising, the effects of unfractionated bone marrow (BM) mononuclear cells in these
trials have been modest, and it has been suggested that mesenchymal stem cells (MSC) or their
sub populations might be more effective.*®* Mesenchymal precursor cells (MPC) comprise a Stro-3
immune-selected, immature sub fraction of BM-derived MSC.” These MPC are multipotent cells with
extensive proliferative potential, and secrete numerous anti-apoptotic, angiogenic factors, and growth
factors. It was found that MPC display greater cardioprotective effects than conventional MSC that are
selected by plastic adherence alone, which may be evoked by their potent paracrine activity, as well
as more extensive multilineage differentiation potential.®® Interestingly, MPC are immune-privileged
and can be transplanted to unrelated recipients, thereby creating the possibility of an allogeneic, “off-
the-shelf” cell product, readily available during the acute phase of an AMI. Intramyocardial injection of
MPC has been shown to improve cardiac function in small and large animal models of AMI.%*

In contrast to intramyocardial delivery, intracoronary stem cell infusion is a simple, quick, cost-effective
and reproducible delivery technique.® It does not require specific infrastructure and is available
in all interventional coronary cathlabs, while intracoronary infusion of an “off-the-shelf” allogeneic
stem cell product can be applied directly following revascularization of the AMI. More importantly,
intracoronary infusion omits the risk of myocardial perforation and ventricular arrhythmia that has
been associated with intramyocardial injection in infarcted tissue. However, intracoronary infusion of
unselected and culture-expanded MSC has previously been associated with impeded coronary flow
and micro infarctions in remote myocardial segments in large animal experiments.'>

The primary aim of the current large animal study was to assess the feasibility of intracoronary MPC
infusion, and to determine the optimal infusion conditions, while carefully monitoring coronary flow,
arrhythmias, and other possible cell therapy related adverse effects. In addition, we investigated
the potential efficacy of three different doses of MPC using functional (pressure-volume (PV-loop)
analysis, echocardiography) and morphological (morphometry, histology) indices over an 8 week

follow-up period.
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MATERIALS AND METHODS

Experimental design

A total of 88 adult sheep were used in this study. All procedures were approved by the institutional
animal welfare committee (University of Utrecht, Utrecht, the Netherlands). The study was divided
into three distinct phases. In the first phase, the maximum tolerated dose and optimal MPC infusion
rate were determined in non-infarcted sheep. In the second phase, we assessed the maximum
tolerated MPC dose and optimal infusion rate in animals subjected to an anterior wall AMI. The
targeting potential, and cell retention in the infarcted myocardial segment, as well as shedding of MPC
to remote myocardial segments and organs, were analyzed in a cell tracking sub study. Finally, in the
3" phase, the safety and efficacy of intracoronary infusion of three incremental doses of MPC directly
following AMI over an 8 week follow-up period was assessed using optimized infusion conditions (see

figure 1 for the study flow chart).

Mesenchymal Precursor Cells

MPC used in this study were ovine Stro-3 positive bone-marrow derived cells as previously described.”
19 The cells were frozen in cryoprotectant containing 7.5% DMSO and stored at -180°C in vials at a
final concentration of 25 million cells per vial. Before cell infusion, MPC were rapidly thawed, filtered
through a 40 micron cell strainer, and suspended in 100 mL of lactated ringers’ solution (LR) at a final

concentration of 0.5 Mill MPC/mL (see online supplement for cell size measurements).

Phase 1 — Intracoronary MPC infusion in non-infarcted myocardium

A total of 12 sheep (45.2 £ 1.5 kg) were used in phase 1. To assess the optimal infusion rate and
maximum tolerated dose, naive sheep received an intracoronary infusion of incremental doses of MPC
(25, 37.5 and 50 million) using an infusion rate of 1.25 or 2.5 million MPC/min (Figure 1A).

A Twin Pass’ micro-catheter (Vascular Solutions, Minneapolis, USA) was placed in the proximal LAD
and MPC were infused using an infusion pump (Alaris, San Diego, USA). Coronary flow was assessed
regularly and troponin | (Tnl) was determined at baseline, and 6 hours post cell injection (AccuTnl,
Beckman Coulter, Brea, USA). After cell infusion, all animals received a subcutaneously implanted
REVEAL DX* event recorder (Medtronic, Minneapolis, USA) to continuously monitor for potential
arrhythmias. Two days following infusion, the animals were sacrificed and the heart, lung, liver, kidney

and spleen examined by independent pathologists.

Phase 2 — Intracoronary MPC infusion and bio-distribution following AMI

To assess the optimal infusion rate and maximum tolerated dose in AMI, intracoronary MPC infusion
was performed in an anterior AMI model in 8 sheep (62.8 + 1.4 kg). Anterior wall AMI was induced by
balloon inflation (Voyager Rx 3.0-3.5x12 mm, Abbott, Illinois, USA) in the mid LAD for 90 minutes. After
15 minutes of reperfusion, a Twin Pass® delivery catheter was positioned in the LAD at the location

of prior balloon inflation. Subsequently, 50 million MPC were infused at a rate of 1 million MPC/
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min (n=3) or 0.5 million MPC/min (n=3). Bio-distribution and myocardial retention was quantified
using Indium*! labelling in two separate animals (see online supplement). The optimized and safe
intracoronary infusion conditions that were found in phase 1 and 2 were subsequently applied in

phase 3 of this study.

Phase 3 — Long-term safety effects and dose finding of intracoronary MPC infusion di-
rectly following AMI Induction of myocardial infarction and infusion of MPC

A total of 68 sheep (60.8 + 1.7 kg) were used in phase 3 of the study (figure 1C). An anterior myocardial
infarction was induced by LAD occlusion as described above. After reperfusion, the sheep were
randomized by a blinded draw to receive an intracoronary infusion of 12.5, 25, or 37.5 million MPC or LR
(control). The cells were infused at an infusion rate of 0.5 million MPC/min. After cell infusion, coronary
flow was assessed and a subcutaneous event recorder was implanted. Also, blood was sampled for Tnl
measurement before AMI and 6 hours post cell or placebo injection.

Pressure-Volume loop analysis

In all animals, baseline PV-loop recordings were acquired directly following MPC or placebo infusion
and at 8 weeks follow-up. Also, in a random subset of animals (n=12), pre-AMI PV-loop recordings
were performed to obtain reference values of PV-loop parameters of non-infarcted sheep hearts
(supplemental online table Il). Off-line data analysis was performed by an investigator blinded for the
treatment allocation of the individual animals (described in detail in the online supplement).
Echocardiography

In all animals, a transthoracic echocardiogram (TTE) was performed at baseline and directly following
the AMI, but also at four and eight weeks follow up. LV volumes, LVEF, regional fractional area change
(FAC) and regional systolic wall thickening were analysed off-line by an operator blinded for the
treatment allocation of the individual sheep (see online supplement for a detailed description).
Necropsy and pathohistology (long-term safety)

At 8 weeks follow up, the animals were euthanized and routine necropsy was performed to screen for
any gross anatomical abnormalities in lung, kidney, spleen, liver and gut, whereas biopsies of these
organs were collected for further histological analysis. The heart was excised and prepared as described
before, and stained using TTC (supplemental online figure 1). Subsequently, the slices were carefully
screened for micro-infarctions in remote myocardial segments. Biopsies of the infarct area and infarct
border zone were randomly taken and processed for further histological analysis.

Histology samples of the liver, lung, spleen, and kidney were analyzed by an independent pathology
core-lab (Druquest International, Leeds, USA) to screen for shedding of MPC and any remote adverse
effects. A section of infarct and border zone tissue of each animal was analyzed by an independent and
blinded pathologist, specialized in cardiac pathology (Erasmus University Medical Center, Rotterdam,
the Netherlands) to screen for potential local adverse effects of MPC infusion.

Morphometry and histology parameters (efficacy)

Photographs of TTC-stained slices were taken. A blinded technician calculated the percentage of total
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LV infarcted, and measured infarct and border zone thickness using automated image analysis software.
Collagen content, myocardial salvage index, cardiomyocyte size and cardiomyocyte density
Collagen content and cardiomyocyte size, and cardiomyocyte density were determined using Gomorri
trichrome staining.

Blood vessel density

Blood vessel density was determined in the border zone, remote myocardial segments, and in the
infarct area. Capillary density in the border zone and remote area was assessed by isolectin-B, staining.
Arteriolar density in the infarct area was determined using smooth muscle actin staining.
Cardiomyocyte proliferation, apoptosis and cardiac stem cells

The amount of proliferating cardiomyocytes was quantified using Ki-67 staining, whereas the amount
of apoptotic cardiomyocytes was assessed using a TUNEL assay. Resident cardiac stem cells were
detected by cKit staining.

Statistical Analysis

Efficacy data are depicted as placebo (n=10) versus all MPC-treated (n=20) animals, unless otherwise
stated. Continuous data are presented as mean + standard error of the means. Comparisons of
means (morphometry and histology) between groups were performed using a one-way ANOVA
with Bonferroni correction for multiple comparisons when applicable. Differences of PV-loop and
echocardiography derived parameters between treated animals and controls were analyzed by two-
way ANOVA with repeated measures. The MPC-treated group was considered as a homogenous
cohort, since ANOVA demonstrated no significant difference in relation to the MPC dose applied. A
p-value of £ 0.05 was considered statistically significant. The final data set and statistical analysis were

audited and approved by Medical Device Consultants, Inc (MDCI, Reston, Virginia, USA).

RESULTS

Phase 1 — MPC infusion in healthy animals

Coronary flow remained within TIMI 3 range in all animals. However, an infusion rate of 2.5 million
MPC/min or infusion of 50 million cells resulted in an increase of Tnl levels 6 hours following infusion,
and micro infarcts in the LAD territory at 2 days follow-up. In contrast, an infusion rate of 1.25 million
MPC/min permitted infusion of doses up to 37.5 million MPC without inducing myocardial necrosis
(figure 2A+B). None of the animals experienced ventricular arrhythmias during the two-day follow-up.
Analysis of H&E stained sections of all major organs rendered no differences between the sheep that
received intracoronary infusion of MPC and healthy controls. More specifically, no shedding of the
allogeneic MPC, or any MPC-related acute adverse effects were detected. No acute foreign body or
anti-allogeneic response, defined as extensive or eosinophilic infiltrates, were found in any of the

myocardial tissue specimens.
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Phase 2- MPC infusion in infarcted myocardium

Infusion of MPC in the culprit artery directly following AMI at a rate of 1 million MPC/min resulted in
sluggish flow after infusion of approximately 25 million MPC (n=3, figure 2C). After 25 million MPC, the
coronary flow rapidly declined to TIMI grade 1/0 and flow velocities below 10 cm/sec. When applying
a reduced infusion rate of 0.5 million MPC/min., sluggish coronary flow was only observed when the
absolute dose exceeded 40 million MPC. As a result of these findings, an infusion rate of 0.5 million

MPC/min and a maximal dose of 37.5 million MPC were adopted in phase 3 of this study.
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2A. Tnl release six hours after intracoronary infusion of MPC in non-ischemic myocardium. A high infusion rate
(right) resulted in significant Tnl release in 3/3 animals, irrespective of the low dose infused. When a low infusion
rate was adopted (left), infusion of 25 and 37.5 million MPC seemed safe, whereas infusion of 50 million MPC
always evoked substantial myocardial necrosis. 2B. Example of a septal myocardial infarct two days after infusion
of 50 million MPC. 2C. Effect of two different infusion rates on coronary flow in individual sheep directly after an
acute myocardial infarction. A high infusion rate (red lines) results in an earlier and more abrupt flow impediment
when compared to a low infusion rate (black lines). Coronary flow is depicted as APV and TIMI flow grade; 2D. The
effect on coronary flow of different doses of MPC, when infused directly following the AMI at 0.5 million MPC/min
in phase 3 of this study and depicted by TIMI flow grade. Directly following infusion (grey bars), coronary flow was
sluggish, but still within TIMI Ill definition, in 2/9 (22%) animals in the 25 million MPC group and in 3/6 (50%) in the
37.5 million MPC group. At sacrifice (black bars), coronary flow had always returned to normal. APV: average peak
velocity; MPC: mesenchymal precursor cells; TIMI: thrombolysis in myocardial infarction; Tnl: troponin I.
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Figure 2. Effects of intracoronary infusion of MPC.
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Phase 3 — Long-term safety effects and dose finding of intracoronary MPC infusion
following AMI

Animal experiments

A total of 68 sheep were subjected to an anterior wall AMI by balloon occlusion in the mid LAD for
90 minutes. Due to ventricular fibrillation refractory to defibrillation, 34 sheep died during infarct
induction. The surviving animals were randomized to placebo treatment (n= 12) or treatment with
12.5 (n=7), 25 (n=9), or 37.5 (n= 6) million MPC (Figure 1). Two animals in the control group and
two animals in the MPC-treated group died during the 8 week follow-up (see below), resulting in 10
analyzable sheep in the control group and 20 in the MPC-treated group (divided in three dose cohorts
treated with 12.5 (n=7), 25 (n=7), or 37.5 (n=6) million MPC).

In 6 control animals and 14 MPC-treated animals, serial Tnl measurements were available. Both
baseline (0.07 + 0.02 vs. 0.05 + 0.01; P= 0.89) and post-AMI (272.4 + 36.6 vs. 297.1 + 29.2, P= 0.66)
measurements did not differ between placebo and cell-treated groups, suggesting a similar degree of
injury in both groups.

Coronary flow during and after MPC infusion

MPC infusion was successful in all animals with TIMI grade 3 flow in all dose groups following MPC
infusion (Figure 2D). However, infusion of 25 million MPC led to a transient sluggish flow in 2/9 animals
(22%), whereas infusion of 37.5 million MPC resulted in sluggish flow in 3/6 (50%) animals. ‘Sluggish
flow’ was defined as a visual difference in the rate of opacification between the culprit artery and
reference vessel (circumflex artery), while antegrade flow remained within TIMI grade 3 definitions.?°
At 8 week follow up, coronary flow had normalized in all treated animals.

Death and ventricular arrhythmia analysis

Two sheep in the control group (2/12, 16%), and two sheep in the MPC-treated group (25 million MPC;
2/22, 9%; P= ns) died during the 8 week follow up period (supplemental online table I). Thorough
analysis of the implanted event recorders demonstrated that the sheep in the control group died due
to ventricular fibrillation within 12 hours after infarct induction. In the animals in the MPC group,
fatal ventricular arrhythmia was excluded as the cause of death after analysis of Reveal” DX data.
Subsequent necropsy and histo-pathological examination of the heart, lung, spleen, liver, and kidney
by an independent pathologist remained inconclusive about the cause of death in these MPC-treated
animals. Specifically, no signs of manifest heart failure were found in lungs, liver and spleen.

In addition to the two animals with a lethal arrhythmia in the control group, another control animal
experienced a non-sustained ventricular tachycardia of 20 beats, three weeks following the index
procedure.

Pressure—Volume loop analysis

All PV-loop derived data can be found in table Il of the online supplement.

PV-loop derived LV ejection fraction and volumes

In control sheep, the global LVEF deteriorated from 44.2 + 1.5% directly following AMI, to 40.7 + 2.6% at

eight weeks. MPC treatment markedly improved cardiac contractile function from 44.7 + 1.0% to 52.8
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+ 0.7% (difference between groups: +12.1%; P<0.001; Figure 3B). No clear dose—effect relationship
was observed between the different dose groups.

Following AMI, left ventricular (LV) volumes were comparable between all groups. However, MPC-
treatment prevented cardiac remodeling at eight weeks follow-up. End-systolic volume (LVESV) in the
MPC treatment group was 68.3 + 1.8 mL as opposed to 102.8 + 4.0 mL in the control animals (-34%,
P<0.001; figure 3C). Likewise, end-diastolic volume (LVEDV) in the treatment group ameliorated by
16% (149.3 £ 4.1 mL vs. 178.0 £ 8.0 mL, P<0.001) as compared to controls (figure 3D). No significant
dose—effect relationship was found between the different treatment groups.
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Figure 3. Pressure—volume loop analysis. 3

A: Typical examples of PV-loops of individual animals in the four evaluated groups. The grey loop represents a
normal PV-loop of a non-infarcted sheep heart, whereas the black loop represents the PV-relation briefly after
an acute myocardial infarction. After eight weeks (red loop), the PV-loop in the control animal shows a rightward
shift, indicating increased volumes, further decline of the end-systolic elastance (E_), and increased end-diastolic
pressure (filling pressure). In MPC-treated animals, left ventricular dimensions were preserved, whereas E_
returned to near baseline levels. 3B: Left ventricular (LV) ejection fraction further deteriorated in control animals,
but was enhanced by over 30% following MPC therapy. 3C/D: LV volumes increased in the control group, indicative
of LV remodeling. This remodeling process was abrogated by MPC therapy. 3E/F: Pre- and afterload independent
parameters of myocardial contractility, E_ and PRSW, were enhanced in MPC-treated sheep, as compared to

controls. 3G/H: V, and V,  are both points on the end-diastolic pressure-volume relation and represent diastolic
function and capacitance.

MPC: mesenchymal precursor cells; ns: non significant ; PRSW: pre-load recruitable stroke-work; *P< 0.05 ; **P<
0.01; ***P<0.001
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PV-loop derived, load-independent indices of systolic function

LV contractile function is best reflected in the PV-loop derived pre- and afterload independent indices:
end-systolic elastance (E_) and pre-load recruitable stroke-work (PRSW). E_ and PRSW markedly
improved over eight-week follow-up in MPC-treated animals, as opposed to no improvement in
controls. In control animals, the baseline E_ was reduced to 0.96 + 0.07 mmHg.mL and remained

stable at 0.89 £ 0.05 mmHg.mL at 8 weeks. However, in the treatment group, E_ improved from 0.99

+ 0.06 post AMI to 1.26 + 0.1 mmHg.mL (P= 0.003; Figure 3A/E). In line with these results, PRSW
ameliorated to 41.6 + 1.9 in MPC-treated animals eight weeks, as opposed to 33.5 + 1.4 mmHg in
controls (P= 0.008; Figure 3F).

PV-loop derived indices of diastolic function

Parameters that reflect LV stiffness, including E..o dP/dT-, and tau, were not significantly different
between control and MPC-treated groups (table 1 of the online supplement). Nevertheless, there
are indications that diastolic function had improved in MPC-treated animals. First, when corrected
for end-diastolic volume, dP/dT- improved significantly, whereas there is a clear trend towards higher
end-diastolic pressures in control animals (P= 0.08). Also, V, and V, that reflect LV end-diastolic
capacitance significantly improved in MPC-treated sheep. V,  was reduced from 99.8 + 4.7 mL in the
control group to 83.9 + 2.1 mL in the MPC-treated animals (P= 0.001, Figure 3G), whereas the V, was
enhanced from 241 + 23.5 mL in the control group to 213 + 8.2 mL in the MPC-treated group (P= 0.047;
Figure 3H).

Echocardiography

All echocardiography measures can be found in table Ill of the online supplement. Global LV function,
as depicted by LVEF, was comparable between groups before and directly following AMI (Figure
4A/B/C). Following AMI, LVEF decreased by 20% in both treatment and placebo groups. In the control
group, LVEF gradually deteriorated further from 43.1 + 1.2% following AMI to 37.3 + 1.9% at 8 week
follow-up. In contrast, LVEF improved by +21% to 47.7 + 1.2% in sheep treated with MPC (P= 0.001;
figure 4A), when compared to placebo animals, thereby corroborating the PV-loop data.

Echocardiography demonstrated that both LVEDV and LVESV were comparable at baseline and directly
following AMI. Importantly, it confirmed PV-loop derived volumes at baseline and the improvement
at 8 weeks follow up, as shown in figure 3. LVEDV and LVESV deteriorated in both groups over the 8
week follow-up period, but the increase in the placebo group was significantly greater than in the
MPC-treated group. LVEDV increased to 182.9 + 22.5 mL in control animals, and was reduced by 25%
to 136.2 £ 12.0 mL in the treatment group (P= 0.037). LVESV improved by almost 40% from 115.8 +
16.5 mL in placebo-treated animals to 71.3 + 6.9 mL in MPC-treated animals (P=0.042).

Regional function improved by MPC therapy, as FAC in the apex was 39% higher in cell-treated animals
as compared to controls (41.4 + 2.7% vs. 29.8 + 2.0%; P= 0.027; figure 5A), and FAC was 30% higher
in the mid-ventricle (46.7 £ 1.7 vs. 35.8 + 2.6%; P= 0.007; figure 5B). FAC in the basal segments of the
heart did not differ significantly between control and treated animals (figure 5C; P= 0.57). No clear

dose—effect was found, and all three doses appeared to be equally effective.
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Figure 4. Global LV function and volumes measured by echocardiography. Intracoronary MPC infusion improves
global LV function and volumes when compared to controls.

4A. Global LVEF deteriorated equally in treated and placebo animals after infarct induction, but was significantly
enhanced by MPC therapy. 4B/C. LV end systolic and diastolic volume in MPC-treated animals more or less
stabilized after the ischemic insult of the infarct, whereas volumes in control animals further deteriorated. These
data corroborate PV-loop derived data on cardiac function and volumes. No significant dose—effect was found. (LV)
EF: (left ventricular) ejection fraction. * P< 0.05; ** P< 0.01; *** P< 0.001.

Also, regional contractility improved by MPC therapy. Systolic wall thickening was severely impaired
in the apical and mid-ventricular anterior and antero-septal wall segments directly post AMI, whereas
compensatory hypercontractility was present in a contra-lateral remote myocardial segment (Figure
5). Systolic wall thickening in the antero-septal segment of the apex improved from 0.5 + 0.6% in
control animals to 23.7 + 4.2% in treated animals (P= 0.003; figure 5D) and in the anterior wall from
2.7 + 4.3% to 24.9 + 2.4% (P< 0.001; figure 5E). Both infarcted segments also markedly improved
at the mid-ventricular level (anteroseptal segment: co 9.6 + 5.5% vs. MPC-treated 39.1 + 1.8%, P<
0.001; anterior wall: co 13.8 £+ 3.6% vs MPC-treated 34.7 + 1.9%; P< 0.001; figure 5F/G). No significant
difference between both groups was found in the contralateral myocardial segment (P=0.32 and 0.22

respectively; figure 5H/I).

Necropsy and histopathology analysis of tissue samples

During autopsy and macroscopic analysis, no signs of gross anatomical malformations, neoplasms
or angiomas were detected in the heart, gut, liver, lungs, kidneys and spleen. This was confirmed by
histological analysis by independent pathologists. In the TTC-stained slices of the heart, no signs of
micro-infarctions in remote myocardial segments were found.

Infarct size and morphometry

The percentage of LV infarcted in control animals measured 18.4 = 1.5% in placebo controls, and
improved by 33% to 12.0 £ 0.7% in MPC-treated animals (figure 6A; P=0.001). Also, the average infarct
wall thickness in the mid ventricle was enhanced by 25% in treated animals, as compared to control
animals (6.4 £ 0.2 vs. 8.0 + 0.3 mm, P< 0.001; figure 6C). In control animals, the average border zone
thickness was 8.5 + 0.48 mm in the mid ventricle, whereas it improved to 10.5 £ 0.5 mm (P=0.011) in

MPC-treated animals respectively (figure 4D).
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Figure 5. Regional cardiac function as assessed by echocardiography. Intracoronary MPC infusion improves regional
function and contractility when compared to controls.

5A-C: regional cardiac function decreased comparably in both groups directly following the AMI, suggesting similar
levels of injury. However, in MPC-treated animals, regional FAC was enhanced in the affected apical and mid-
ventricular levels after 8 weeks, whereas the basal level did not show an improvement when compared to controls.
5D-G: Anteroseptal and anterior systolic wall thickening decreased similarly at apical and mid ventricular levels
after the AMI. Systolic wall thickening improved in MPC-treated animals as opposed to no improvement in placebo
control animals. 5H/I: Directly after the AMI, compensatory hypercontractility was seen in the contralateral
myocardial segment in all animals, whereas it only improved significantly in MPC-treated animals at the mid-
ventricular level after 8 weeks. AMI: acute myocardial infarction; MPC: mesenchymal precursor cells. *P< 0.05;
**P< 0.01; ***P< 0.001.

Histology

Collagen content
MPC significantly reduced extracellular matrix deposition in all myocardial areas. Collagen content in
the border zone decreased from 16.5 + 2.1% in the control group to 7.4 + 0.7% (P<0.001; figure 7A) in

the treatment group, whereas collagen content in remote myocardial segments decreased from 2.1 +
0.4% to 1.0 + 0.2% (P=0.001; figure 7B).
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Interestingly, also in the infarct area, the collagen content was significantly reduced in MPC-treated
animals as compared to controls (figure 7C). This decrease in collagen content favored the amount
of viable myocardium in infarct specimens, suggesting myocardial salvage. This was represented by
a marked improvement in the myocardial salvage index from 0.29 £ 0.06 in controls to 1.30 £ 0.20 in
MPC-treated sheep (P=0.002; figure 7D). No clear dose—effect relationship was present in the collagen
deposition in all segments.

Blood vessel density, cardiomyocyte size and cardiomyocyte density

The number of capillaries in the border zone was enhanced by 58% from 1196 + 87 capillaries/mm?in
the control group to 1894 * 105 in MPC-treated sheep (P<0.001; Figure 8A). Although not statistically
significant, there appeared to be an incremental dose—effect relation in capillary density between the
dose groups (12.5M: 1704 + 144; 25M: 1953 + 232; 37.5M: 2046 + 144 capillaries/mm?). The higher
capillary density in the border zone resulted in a 35% increase of the capillary-to-cardiomyocyte ratio.

In MPC-treated animals, each cardiomyocyte was supported by 1.39 + 0.15 capillaries on average,
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Figure 6. Infarct volume and morphometric analysis.

6A: Infarct size, calculated as the percentage of the total LV infarcted, significantly improved following MPC
therapy. 6B: Infarct thickness was measured in mid-ventricular slices at three sites in the infarct (blue lines) per
slice, whereas the thickness of the border zone was assessed at both sides directly adjacent to the infarct (yellow

lines). 6C: Infarct wall thickness was enhanced by MPC therapy as compared to controls. 6D: Border zone thickness
increased in MPC-treated sheep.

LV: left ventricle; M: million; MPC: mesenchymal precursor cells; ns: non significant ; ¥*P< 0.05 ; ¥*P< 0.01 ; ***pP<
0.001
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whereas this was reduced to only 1.01 + 0.11 in control animals (Figure 8B, P=0.012). In contrast, no
difference between groups was found in the capillary-to-cardiomyocyte ratio in remote myocardial
segments (figure 8B: controls: 1.81 + 0.12 capillaries/cardiomyocyte vs. MPC-treated: 1.73 + 0.19
capillaries/cardiomyocyte; P=0.856).

The arteriolar density in the infarct area was remarkably enhanced by MPC therapy. In the treatment
group arteriolar density doubled, as compared to the control group (49.2 + 4.1 vs. 21.7 + 4.0 arterioles/
mm?, P<0.001; Figure 8C).

Post-AMI compensatory cardiomyocyte hypertrophy in border zone and remote areas was more
pronounced in the control group as compared to the MPC-treated group. In the control group,
cardiomyocyte size was 536 + 42 um?in the border zone, which was reduced by MPC treatment to 329
+ 45 pm? (P< 0.001; figure 8D). In the remote myocardial segment, cardiomyocyte size was 378 + 32
um?in the control group, and 252 + 30 um? in the MPC-treated group (P= 0.002; figure 8E). This effect
on cardiomyocyte size was confirmed by a significant increase in cardiomyocyte nuclear density in
both border en remote myocardial segments. In the border zone, the amount of cardiomyocytes was
1243 + 102/mm? in control animals and increased by 62% to 2026 + 185/mm? in MPC-treated animals
(figure 8F; P<0.001). Interestingly, this effect was also found in remote segments, as cardiomyocyte
nuclear density in MPC-treated animals was significantly higher than in controls (2645 + 242/mm? vs.
1763 + 122/mm?, P<0.001).

Apoptosis, cardiomyocyte proliferation, and resident cardiac stem cells
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Figure 7. Collagen content and myocardial salvage index.

7A-C: Collagen content significantly decreased in the infarct, border zone and remote myocardial segments of MPC-
treated animals as compared to placebo controls. 7D. The myocardial salvage index represents the ratio of scar
versus viable tissue in the infarct area. AMI: acute myocardial infarction; M: million; MPC: mesenchymal precursor
cells; ns: non significant; endo: endocardial side; epi: epicardial side of the left ventricle; *P< 0.05 ; **P< 0.01 ;
***p< 0.001
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Apoptotic, TUNEL-positive cardiomyocytes comprised 1.31 + 0.15% of total cardiomyocytes in the
border zone of control animals, and were reduced by 40% in MPC-treated animals to 0.77 + 0.12%
(figure 8G; P= 0.008). MPC therapy also had a favorable effect in remote myocardial segments by
lowering the percentage of apoptotic cardiomyocytes from 0.63 + 0.12% in controls to 0.43 + 0.03% in
MPC-treated animals (figure 8H; P=0.037).

This effect on programmed cell death was accompanied by a small, but significant, increase in
proliferating cardiomyocytes in the infarct border zone, but not in remote segments (figure 8 I/J).
In MPC-treated sheep 1.38 + 0.08%o. of cardiomyocytes were positive for Ki-67 as opposed to 0.97 +
0.14%o in placebo controls (P=0.02).

Resident cardiac stem cells, defined as cKit+ cells, were rarely found in both remote segments and in
the infarct border zone (0.071 + 0.012%o in controls vs. 0.098 + 0.022%. in treated animals; P= 0.30),
and were not significantly increased by MPC therapy (figure 8K).

DISCUSSION

In the current study, we investigated a primitive sub population of bone marrow derived MSC. These
Stro3+ cells were previously shown to possess potent cardioprotective and immunomodulatory
properties in vitro and in vivo, and can be given to patients in an allogeneic setting. We found that,
when certain conditions are adopted, intracoronary infusion of these MPC can be performed safely
following AMI without adverse effects, impeding coronary flow, or micro infarctions in remote
myocardial segments. Moreover, we demonstrate that intracoronary delivery of MPC prevents LV
remodeling and improves residual cardiac function. The results of this study suggest that these effects
are evoked by myocardial salvage and subsequent reduction of infarct size, accompanied by induced

angiogenesis and reduced myocardial fibrosis.

Previous experience with intracoronary infusion of MSC

Previous studies showed that intracoronary infusion of non-selected MSC was associated with micro-
vascular obstruction, coronary flow reduction and myocardial infarctions due to capillary plugging.'>#
The prominent micro-vascular obstruction that was found in these previous studies might be explained
by several factors. First, the size of non-selected MSC progressively increases during cell culturing
and higher passages to well over 30 to 50 micrometer.?! In contrast, MPC comprise an immature sub
population of MSC with a median diameter of only 13 micrometer, even when expanded in cell culture
(figure 8L and online supplement). As the diameter of capillaries does not exceed 6-10 micrometer, we
believe that this small cell size facilitates intracoronary infusion.

Second, in previous studies, higher absolute doses of MSC were used, whereas relatively higher
infusion rates were adopted than in the current study. For example, the study of Perin et al. infused
100 million MSC at a rate of 1 million cells per minute®®, whereas Freyman et al. infused 50 million
cells at a rate of 1.5 million cells per minute. In these studies, micro-vascular obstruction and no-flow
phenomena are described. On the contrary, infusion of lower cell numbers did not hamper coronary

flow in previous experiments. Valina and co-workers infused only 2 million MSC directly following AMI,
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and Suzuki et al. infused 15 million MSC per coronary artery in hibernating myocardium, both without
any flow-related side effects.?>?* Also, in a study by Johnston et al., infusion of 10 million cardiosphere-
derived cells (20 micrometer in diameter) following AMI was deemed safe, whereas 25 million cells or
more caused significant infarctions.?*

Safety and targeting efficiency of intracoronary MPC infusion
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Figure 8. Blood vessel density, cardiomyocyte size, apoptosis, proliferation and cardiac stem cells.

8A: Capillary density was assessed in the border zone, revealing increased capillary densities in MPC-treated
sheep. 8B: The capillary-to-cardiomyocyte ratio was only enhanced in the perfusion territory of the culprit artery
of MPC-treated sheep as compared to no change in placebo controls, or in remote myocardial segments. 8C: In
the infarct area, a doubling of arteriolar density of MPC-treated animals was observed. 8D/E: Cardiomyocyte
hypertrophy was markedly reduced in the border zones, as well as in remote myocardial segments of MPC-treated
animals, when compared to controls. 8F: This was confirmed by an increase in cardiomyocyte nuclear density in
both border zone and remote areas, and is suggestive of delayed or abrogated adverse remodeling that typically
precedes clinical heart failure. Together with the profound effect on cardiac function, it also strongly suggests
cardiomyocyte regeneration. 8G/H: MPC therapy reduced cardiomyocyte apoptosis in both border and remote
myocardial segments, corroborating reduced adverse remodeling in MPC-treated sheep hearts. 81/J: MPC therapy
stimulated cardiomyocytes in the infarct border zone to reenter the cell cycle, thereby increasing the number of
proliferating cells and inducing endogenous repair. The top picture bordering the graph shows Ki67-positive cells
in the gut that served as positive control. The bottom picture shows a Ki67-positive nucleus of a cardiomyocyte.
8K: cKit staining revealed that the amount of resident cardiac stem cells did not increase in MPC-treated animals
in both border and remote areas. The top picture bordering the graph shows cKit-positive cells in the gut that
served as positive control. The bottom picture shows a cKit-positive cell (green) in a peri-vascular area of the
myocardium (cardiomyocytes are red). 8L: Microphotograph of MPC in suspension. MPC are considerably smaller
than non immune-selected, cultured mesenchymal stem cells that reach sizes of well over 30 micron. M: million;
MPC: mesenchymal precursor cells; ns: non significant; CMC: cardiomyocyte; *P< 0.05 ; **P< 0.01 ; ***P< 0.001

After several pilot experiments divided into two separate phases, we found that, following AMI, a
low infusion rate of only 0.5 million MPC/minute permitted intracoronary infusion of 50 million cells
without permanently compromising coronary flow, whereas higher infusion rates decreased the
maximum tolerated dose. Interestingly, a marked difference between the maximally tolerated dose
and infusion rates in animals with or without AMI was noted. This might be associated with increased
vascular adhesion of the cells caused by increased expression of chemokines and cell adhesion factors
by the activated endothelium following the ischemic insult.?

We hypothesize that a low infusion rate might enable the MPC to either pass through the capillary
bed or to transmigrate into the peri-vascular tissue without aggregation or capillary occlusion. Indeed,
the nuclear imaging retention sub study in two animals revealed that a significant number of MPC
still resided in the heart two hours following intracoronary infusion, whereas epicardial coronary
flow remained normal (see online supplement). Importantly, no micro-infarctions in, or shedding of
MPC to, remote myocardial segments were detected by macroscopic inspection, microscopic analysis
and nuclear imaging techniques. This demonstrates that intracoronary infusion of culture-expanded
MPC is feasible and can be performed safely. Furthermore, MPC therapy did not have any pro-
arrhythmogenic effect. On the contrary, the MPC-treated group showed a trend towards a reduction
of ventricular arrhythmias. This might be correlated with the reduction of scar size and improved
myocardial perfusion in MPC-treated animals.?®

Also, no signs of tumorous growth or other focal abnormalities were detected in tissue samples of all
major organs or sections of the infarct area by independent and blinded core lab histological analyses.
These findings provide additional safety data, as shedding of the cells did not result in significant side-

effects, engraftment or aberrant growth in the infused area or remote organs.
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Proposed working mechanism of MPC therapy in AMI

The predominant working mechanism of MPC therapy in cardiovascular disease is generally considered
to be through paracrine actions of the cells, as long-term engraftment and transdifferentiation into
cardiomyocytes of MPC were found to be unlikely in previous studies, and can not account for the
profound beneficial effect that has been found in numerous studies.®** 2’ Indeed, MPC are known
to secrete significant amounts of relevant growth and angiogenic factors as stromal cell-derived
factor (SDF)-1, hepatocyte growth factor (HGF)-1, insulin-like growth factor (IGF)-1, VEGF and IL-
6. Importantly, the release of these factors exceeds the paracrine abilities of non-selected MSC,
resulting in better cardioprotective properties of MPC when compared to MSC.%° Although actual cell
engraftment and possible transdifferentiation of MPC into cardiomyocytes was not determined in the
current study, we believe that it provides insightful data on the regenerative potential and working
mechanism of post-AMI cell therapy using allogeneic MPC.

Cardiomyocyte salvage and reduced adverse remodeling

As the cells were administered directly following reperfusion of the AMI, we hypothesize that the
therapeutic effect of the MPC is mainly exerted through the release of anti-apoptotic and pro-survival
factors, thereby ascertaining cardiomyocyte salvage.” %’ In addition, the profound immunomodulatory
actions of MPCs may preserve myocardial tissue and contribute to effective tissue healing with limiting
scar tissue formation by ameliorating reperfusion injury or attenuating oxidative stress.?® % The presumed
efficacy of stem cell therapy within the first hours or days following an AMI was also suggested in two
studies that used intracoronary delivery of MSC-like stem cells isolated from adipose tissue.®??

The reduction of infarct size in MPC-treated animals might have resulted in alleviated LV wall stress
and reduced neurohumoral activation. This may then ultimately prevent interstitial fibrosis and
compensatory cardiomyocyte hypertrophy in the non-infarcted myocardium and, on the long term, LV
dilation.? Moreover, in control animals, more apoptotic cardiomyocytes were found in both infarct-
related and remote segments, which is a strong indication of ongoing adverse remodeling.*° Indeed,
the placebo-treated animals exhibited increased filling pressures and impaired filling rates, a rightward
shift of the PV-relation (i.e. increased volumes), and more myocardial fibrosis and cardiomyocyte
hypertrophy when compared to MPC-treated animals. These parameters are all part of the structural
remodeling process that is generally progressive and precedes the clinical syndrome of congestive
heart failure with poor prognosis.»?

Cardiomyocyte proliferation and resident cardiac stem cells

Recent studies have shown that also the postnatal heart contains resident stem cells.?* Delivery of MSC
to infarcted or hibernating myocardium can regenerate myocardium and improve cardiac function
by stimulating these resident cardiac stem cells and cardiomyocytes to (re-)enter the cell cycle,
thereby initiating cardiomyocyte generation or proliferation.?* 333 In our study we found a marked
difference in cardiomyocyte number and cardiomyocyte size in infarct border, as well as in remote
myocardial segments of MPC-treated animals. We believe that this difference in part can be explained
by initial myocardial salvage, resulting in subsequent reduction of compensatory cardiomyocyte

hypertrophy and apoptosis, and eventually in abrogated adverse remodeling. However, the mere size
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of the effect on contractile function and cardiomyocyte number, as well as the fact that also remote
areas participate, may suggest syngeneic therapeutic working mechanisms induced by the infused
MPCs. For instance, the current results indicate that in MPC-treated hearts, increased numbers of
cardiomyocytes are in a proliferative state. These proliferating cardiomyocytes might comprise mature
proliferating cardiomyocytes that have re-entered the cell cycle, but can also represent the end
stage of differentiating cardiac stem cells. Although we found no significant effect on cardiomyocyte
proliferation in remote segments after 8 weeks, based on evidence in previous pre-clinical studies?*
32 we hypothesize that this is primarily due to the fact that this effect on cardiomyocyte proliferation
may have been transient, and the current time point was too late to capture it. We pose that cardiac
stem cell niches, which are primarily located in the apex and around the atria of the adult heart®?,
might have been activated by the infused MPC, as was also suggested by Suzuki et al.®* As the apical
stem cell niche was probably depleted by ischemic damage, we hypothesize that cardiac stem cells
originating from peri-atrial tissue might have migrated from the base of the heart to the apical,
damaged area, thereby eventually not only regenerating the peri-infarct region, but also repopulating
remote segments. It is plausible that increased cardiomyocyte number in basal remote segments, and
enhanced proliferation in the apical peri-infarct region, are both late effects of this time-dependent
cardiac stem cell activation and migration from base to apex. It should be noted however, that in
contrast to previous studies? 33, we found no clear difference in the amount of cardiac cKit+ stem cells
between treated and control animals, which again might be explained by the longer follow-up period
of the current study. Also, the amount of resident cardiac stem cells in sheep myocardium was rather
low, possibly caused by the fact that in previous studies? ** mice, and juvenile pigs were used, whereas
the current study was performed in adult sheep. We hypothesize that rodents and juvenile pigs may
have more resident cardiac stem cells than adult animals, although direct comparative study data are
still lacking. Importantly, the fact that MPC therapy also beneficially affects remote regions, which
comprise >80% of the injured heart, might explain the profound effect on remodeling, and both global
and regional cardiac contractile function that was found in MPC-treated animals.

Induced neo-capillary and arteriole formation

Beside the effect on infarct size, remodeling, and cardiomyocyte proliferation, we also found a marked
increase in neo-capillary and arteriole densities in the infarct border zone and infarct area of MPC-
treated animals. This increase in blood vessel density in the perfusion territory of the culprit artery
suggests a pro-angiogenic potential of MPC therapy and is consistent with previous studies.> 28
Although we have not directly assessed myocardial perfusion using functional testing, these histologic
data suggest improved myocardial perfusion and therefore oxygen and nutrient delivery in the (peri-)
infarct region. This might in part explain the enhanced regional cardiac function and contractility that

were found in this study.

Previous experience with MPC in acute myocardial infarction

In previous large animal studies that assessed the effect of MPC transplantation following AMI, MPC

were injected intramyocardially. MPC transplantation was shown to attenuate LV remodeling and
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improve cardiac function by enhancing vascular densities, and altering collagen dynamics.'* 2 These
studies also revealed that the low-dose groups (up to 75 million MPC) performed better than the
groups that received higher doses (>200 million MPC), suggesting an inverse dose-response relation
and a therapeutic threshold of MPC therapy. Accordingly, we found a marked therapeutic effect on
both regional and global cardiac function at a relatively low dose range, although no clear correlation
was found between efficacy and the cell dose applied. We speculate that higher doses of MPC may
be effective, yet also lead to more microvascular obstruction that may counteract the therapeutic
effect, whereas even lower doses might still be effective. In another study, See et al. for the first
time compared MPC with conventional MSC, thereby showing the extensive cardioprotective and pro-
angiogenic paracrine capacities of MPC that exceed the paracrine capacities of non-selected MSC.°
They showed that paracrine actions were likely the predominant working mechanism of MPC therapy.
The current study elaborates on these findings, but also adds to our understanding of the working
mechanism of MPC therapy. We confirm that MPC exert cardioprotective effects, reduce fibrosis and
increase blood vessel densities in infarct and infarct border zone, but also, for the first time, show
effects on CMC proliferation with hints of stem cell activation. By determining optimal intracoronary
delivery conditions in a relevant large animal model, we paved the way for clinical studies in the near

future that use a protocol based on the results of the current study.

Advantages of allogeneic cell therapy

An allogeneic,”off-the-shelf”, cell therapy product, originally derived from a young and healthy donor,
has important advantages. It renders a laborious and potentially dangerous BM puncture, as well as the
culturing steps in clean room facilities, unnecessary. In addition, the stem cell line ensures adequate
quality control with inherent batch-to-batch consistency. Also, a negative correlation was found
between the amount and functionality of progenitor cells, and age and cardiovascular risk factors.?*
This would make the use of allogeneic MPC in the typically elderly, cardiovascular patient population
preferable over autologous cells. More importantly, the cell therapy can be initiated directly after the
revascularization of the AMI, thereby maximally utilizing the anti-apoptotic and immunomodulatory
capacities of the cells. Finally, intracoronary delivery of an “off-the-shelf” cell product can be easily
performed in any interventional catheterization laboratory in the world, without the need for specific

infrastructure or cell delivery techniques.

Clinical experience and prospects

Recently, the results from a clinical, phase Ila study, assessing the effect of intramyocardial injections
of allogeneic MPC in 60 heart failure patients, were presented. Allogeneic MPC injections up to a dose
of 150 million cells were shown to be safe and feasible without a clinically significant anti-allogeneic
immune response. More importantly, MACCE rate, cardiac mortality and composite end points for
heart failure were markedly decreased at 12 month clinical follow up. This study resulted in the
preparations of a phase Il study analyzing the therapeutic effect of MPC therapy via intramyocardial

injections in 1,700 congestive heart failure patients.
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Likewise, the robust effects of MPC therapy in the current large animal AMI study have led to the
design of a multi-center, phase Ila/b, double blind, randomized and placebo-controlled clinical trial.
The Allogeneic-Mesenchymal-precursor-cell-Infusion-in-myoCardial-Infarction (AMICI) trial, in which
European, Australian and US sites will participate, is aimed to prove safety, feasibility and efficacy of
MPC therapy in @ minimum of 225 patients with ST-elevation AMI and will start enrollment in Q1 of
2013.

Limitations

Although the current randomized study was performed by blinded operators, and histopathology,
PV loop, echocardiography and histology data were analyzed by blinded pathologists or technicians,
it also has some limitations. First, the use of cardiac MRI would have supplied additional data on
baseline infarct size, and might have rendered slightly more reliable analysis of LV volume. Due to
logistical reasons these data are lacking, but we are confident that the combined echocardiography
and PV-loop analysis provide adequate, and corroborating functional data on both regional and
global LV function. Also, we used a non-atherosclerotic animal model without significant thrombus
burden causing the AMIL. In the real world, the dynamics of MPC following intracoronary infusion in
patients with atherosclerotic and micro-vascular disease might be different and result in earlier flow-
related effects. Hence, in the forthcoming AMICI trial, the highest dose tested in our pre-clinical study
was omitted. Also, to prevent further loss of animals due to ventricular arrhythmias, all sheep were
premedicated with amiodarone. Amiodarone treatment was continued throughout the 8 week follow
up, which is different from the real life AMI treatment and might have clouded arrhythmia analysis.
Ideally, a control group of cultured, non-immune-selected MSC should have been part of this study.
However, previous studies have shown that intracoronary infusion of comparable amounts of non-
selected MSC would have resulted in microvascular obstruction and no-flow phenomena, which would
have resulted in a substantial loss of animals. Also, the efficacy of MSC has been established before,

which makes the addition of an extra group to this already large study obsolete.

CONCLUSION

Intracoronary infusion of allogeneic primitive mesenchymal precursor cells directly following an AMl is
feasible and safe when certain conditions are adopted. It reduces infarct size and prevents subsequent
adverse cardiac remodeling by cardiomyocyte salvage and stimulated cardiomyocyte proliferation and
angiogenesis, thereby preserving cardiac function and dimensions. The findings of this study might
extend the possible application of these cells from specialized cell therapy centers to virtually any
interventional cath lab in the world. As MPC can be applied as an “off-the-shelf” product to all AMI
patients, the target patient population is considerable, with over 800 primary percutaneous coronary

interventions per million inhabitants in Europe alone.?®
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SUPPLEMENTAL DATA

MATERIALS AND METHODS

Medication

All sheep were pre-treated with dual anti-platelet therapy (acetylsalicylic acid (Centrafarm, Etten-Leur,
the Netherlands) 80 mg qd, clopidogrel (Sanofi-Aventis, Paris, France) 75 mg qd) and amiodarone
(Centrafarm, Etten-Leur, the Netherlands) 400 mg qd for ten days prior to the index procedure.
Before infarct induction, an intravenous bolus of 10 mg of metoprolol (AstraZeneca, London, United
Kingdom) and 10,000 IU heparin (Leo pharma, Ballerup, Denmark) were administered. All sheep
received eptifibatide (Merck, Whitehouse Station, USA; bolus of 180 ug/kg and 2 pg/kg/min) during

the entire procedure.

Measurement of cell diameter of mesenchymal precursor cells

Avial of 25 million MPC was rapidly thawed, resuspended in a total volume of 25 mL of lactated Ringer’s
solution and washed twice. Upon the final resuspension step, cells were filtered through a 40 micron
cell strainer to obtain a single cell suspension. Subsequently, several cytosmears were made, which
were left to air dry. The cytosmears were fixed by submersion in methanol for 15 seconds, after which
a common H&E staining was performed. The cytosmears were examined at 1000x magnification and
pictures were taken. The diameter of a total of 500 MPC was measured using a routine in automated

quantification software as mentioned elsewhere, and the mean and median size were calculated.

Phase 1 - Intracoronary MPC infusion in non-infarcted myocardium

A total of 12 sheep were used in phase 1. To assess the optimal infusion rate and maximum tolerated
dose, naive sheep received an intracoronary infusion of incremental doses of MPC (25, 37.5 and 50
million) using an infusion rate of 1.25 or 2.5 million MPC/min (Figure 1A).

A Twin Pass” micro-catheter (Vascular Solutions, Minneapolis, USA) was placed in the proximal LAD
and MPC were infused using an infusion pump (Alaris, San Diego, USA). Coronary flow was assessed
by visual estimation of TIMI coronary flow! at baseline, every five minutes during MPC infusion,
and directly following MPC infusion, to evaluate microvascular obstruction as suggested by reduced
antegrade coronary flow. Troponin | (Tnl) was determined at baseline, 6 and 24 hours post cell injection
(AccuTnl, Beckman Coulter, Brea, USA). Tnl levels above 0.1 microgram/L were considered to be an
indication of significant cardiomyocyte necrosis due to microvascular obstruction by the infused MPC.
After cell infusion, all animals received a subcutaneously implanted REVEAL DX® event recorder
(Medtronic, Minneapolis, USA) to continuously monitor for potential arrhythmias. After 48 hours, the
animals were sacrificed, the hearts excised, and sectioned into five bread-loafed slices of 8-10 mm from

apex to base. The sections were stained with 2,3,5-Triphenyltetrazolium chloride (TTC) to visualize
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Figure 1. Post-mortem preparation of the heart and TTC staining.

After excision, the hearts were cut into five slices in a bread-loaf manner, after which the slices were stained by
TTC. TTC staining turns viable myocardium red, whereas infarcted tissue remains white. This facilitates distinction
between infarct area, border zones and remote myocardial segments. The slice marked with * represents the apical
segment that was used for analysis, the slice marked with 1 represents the mid ventricular slice.

(micro-)infarctions. Samples were taken from the inferolateral wall (remote myocardial segment) and
anteroseptal wall (target area), as well as from lung, liver, kidney and spleen for histological analysis by
an independent pathologist (Erasmus University Medical Center, Rotterdam, The Netherlands) blinded

to the individual treatment of the animals.

Phase 2 — Intracoronary MPC infusion and bio-distribution following AMI

To assess the optimal infusion rate and maximum tolerated dose in AMI, intracoronary MPC infusion
was performed in an anterior AMI model in 8 sheep. Coronary flow was assessed by visual estimation

of TIMI coronary flow, and quantified by intracoronary Doppler flow analysis using a Doppler flow wire

Table I. Coronary flow, ventricular arrhythmias and death

Control group Treatment group p-value
Coronary flow
Reduction of TIMI* flow 0/12 0/22 1.000
Death
Ventricular fibrillation 2/12 0/22 0.144
Unknown 0/12 2/22 0.543
All 2/12 2/22 0.612
Ventricular arrhythmia
Ventricular fibrillation 2/12 0/22 0.144
Ventricular tachycardia 1/12 0/22 0.371
All 3/12 0/22 0.059

P-values were determined using a two-sided Fischer’s exact test.
*TIMI: thrombolysis in myocardial infarction
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(Combowire®, Volcano, San Diego, USA) positioned between the first and second diagonal branch of
the LAD, and expressed as the average peak velocity (APV; cm/sec; figure 1B). Bio-distribution and
myocardial retention was quantified using Indium?*!* labeling in two separate animals (see below).

Anterior wall AMI was induced by balloon inflation (Voyager Rx 3.0-3.5x12 mm, Abbott, Illinois, USA)
in the mid LAD for 90 minutes. After 15 minutes of reperfusion, a Twin Pass’ delivery catheter was
positioned in the LAD at the location of prior balloon inflation. Subsequently, 50 million MPC were
infused at a rate of 1 million MPC/min (n=3) or 0.5 million MPC/min (n=3). The maximum tolerated
dose of MPC was assessed by repeated Doppler flow measurements after infusion of every 5 million
cells. In addition, TIMI flow was determined after infusion of every 10 million MPC. The optimized and

safe intracoronary infusion conditions were subsequently applied in phase 3 of this study.

Phase 3 — Long-term safety effects and dose finding of intracoronary MPC infusion
after AMI

Induction of myocardial infarction and infusion of MPC

A total of 68 sheep were used in phase 3 of the study (figure 1C). An anterior myocardial infarction
was induced by LAD occlusion as described before. After reperfusion, the sheep were randomized by
a blinded draw to receive an intracoronary infusion of 12.5, 25, or 37.5 million MPC or LR (control).
The cells were infused via a Twin Pass® delivery catheter at an infusion rate of 0.5 million MPC/min.
Coronary flow was assessed by coronary angiography before cell infusion, and every 15 minutes
during cell infusion. Coronary angiographies were scored by a blinded interventional cardiologist
at Thoraxcenter of the Erasmus University Medical Center in Rotterdam, to prevent bias. After cell
infusion, a subcutaneous event recorder was implanted to monitor for ventricular arrhythmias during
the 8 week follow-up. Eight weeks following AMI and MPC infusion, coronary angiography and TIMI

flow grade assessments were performed and analyzed by independent and blinded investigators.

Nuclear labeling and imaging

MPC were labeled with Indium?*** at 37°C for 20 minutes (20MBq; GE Healthcare, Pittsburgh, USA).
After incubation, cells were washed three times with HANKS buffer (Invitrogen, Carlsbad, USA) and
Indium! uptake efficiency was measured with a dose calibrator (Veenstra, Joure, the Netherlands),
whereas cell viability was assessed by trypan-blue counting. A total of 37.5 million MPC were infused
following reperfusion of the culprit vessel at a rate of 0.5 million MPC/min. Animals were sacrificed
two hours after MPC infusion and heart, lungs, liver, spleen and kidneys were excised. Subsequently,
the organs, urinary catheter system and the infusion system (syringes, tubing, catheters) were scanned
using a dual-head gamma camera (Philips, Best, the Netherlands) to quantify MPC bio distribution
(acquisition of 5 minutes, 256x256 projection matrix). Bio distribution and retention were determinded
using dedicated software (Pegasys, Philips, Best, the Netherlands) and expressed as percentage of the

injected dose per organ.
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Figure 2. Biodistribution of MPC as
assessed by Indium?** [abelling.

3A. Ex vivo scanning of all major organs
two hours following intracoronary
infusion of 37.5 million MPC. 3B. Top
picture: bread-loafed slices from apex to
base; middle picture: MPC distribution
in these slices; bottom picture: overlay.
MPC were only targeted to the perfusion
territory of the culprit artery (arrows),
whereas no signs of activity were found
in remote myocardial segments. 3C.
Left picture: anterior view of the intact
heart; middle picture: MPC distribution
in the anterior wall and apex; right
picture: overlay. Arrows: left anterior
descending artery; MPC: mesenchymal
precursor cells.

spleen

Pressure—volume loop calibration, parameters and analysis

The volume was calibrated by thermodilution and hypertonic saline dilution as previously described.??
PV-loop measurements were performed at baseline and at eight-week follow-up and analyzed using
customized software (Conduct NT 2.18, CD Leycom, Zoetermeer, The Netherlands). All values are
based on the analysis of ten consecutive beats of sinus rhythm.

End-systolic elastance (E,) was defined as the slope of the end-systolic pressure—volume relation
(ESPVR). The E_ was calculated using a single-beat estimation method as previously described.** The
V, of the end-diastolic pressure—volume relation (EDPVR), which represents the unstretched volume
of the LV, was calculated using the following formula: (0.6-0.006*end diastolic pressure (EDP))*end-
diastolic volume (EDV)).*” The V, is the theoretic point on the EDPVR where the pressure is 30 mmHg
and was calculated using the following formula: V_+ (EDV- V,)/(EDP/27.8)%/279.%7 End-diastolic stiffness
(E,,) was calculated as EDV/EDP and preload-recruitable stroke-work (PRSW) as stroke-work/EDV.?
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Echocardiography

In all animals, a transthoracic echocardiogram (TTE) was made before the AMI and directly following

the AMI, and at four and eight weeks follow up. Two-dimensional grey scale images at a frame rate

of 60-90 frames/s were obtained from a parasternal position with a Philips iE33, equipped with a

broadband S5-1 transducer (Philips Healthcare, Eindhoven, The Netherlands). Short axis views were

recorded at three different levels (basal, mid ventricular and apical) and three consecutive cardiac

cycles were acquired. These images were transferred to an Image Arena 4.1 (Tomtec Imaging Systems,

Unterschleissheim, Germany) work station for offline analysis. The analysis of echocardiography data

was performed by an independent operator, who was blinded for the treatment allocation of the

sheep.

Table 2. Pressure—volume loop derived parameters.

reference control MPC’ control MPC" P value
Pre AMI"  Post AMI"  Post AMI" 8 weeks 8 weeks
n=12 n=10 n=20 n=10 n=20

HF (beats/min) 70.1+3.4 84.8+4.0 76.5+5.2 92.6+10.0 699t 44 0.11
Volumes
End systolic volume (mL) 56.1+3.3 73.5+2.8 71.1+12 102.8+4.0 683+1.8 <0.001
End diastolic volume (mL) 138+ 7.8 135+2.0 137+1.8 178 £ 8.0 149+4.1 <0.001
Systolic function
Ejection fraction (%) 63.5+17 442+15 447+10 40.7+2.6 52.8+0.7 <0.001
Elastance (E_) 1.59+0.12 096+0.07 099+0.06 0.89+0.05 1.26+0.1 0.003
PRSW* (mmHg) 47.7+28 274+10 285+16 33.5+144 416+19 0.008
End systolic pressure (mmHg) 86.8+4.5 70.5+6.0 69.8+3.8 90.5+6.6 84.4%3.7 0.51
Stroke volume (mL) 80.2+57 65924 72.0+3.0 714+6.2 781+1.9 0.41
Stroke work (mL.mmHg) 6511 +484 3707+179 3954+232 5970+375 6331+325 0.47
Cardiac output (L/min) 5.5+0.3 4.8+0.24 45+0.3 6.2+0.5 5.4+0.3 0.22
dP/dtmax 1136 + 90 980+38  1027+71 1091+82 1155+75 0.15
dP/dTmax / EDV 9.1+0.7 7.3+0.2 7.6+0.6 7.5+0.7 85+0.4 0.042
tPER® (msec) 165+ 11 165+ 12 147 £ 9 163 £ 22 165+9 0.30
Diastolic function
Stiffness 0.05+0.01 0.09+0.03 0.06+0.01 0.04+0.01 0.04 +£0.00 0.22
Vv, (mL) 754+41 71.0+38 76.1+1.1 99.8+4.7 839+21 0.001
Vy, (mL) 167 £ 16 185+ 15 185+7 241 +24 213+8 0.047
Tau 29.5+1.5 37.7+73 329+21 27.0+1.8 28.2+09 0.27
End diastolic pressure (mmHg) 8.2+1.5 11.0+4.7 7.6+0.9 9.7+1.7 6.0+1.0 0.08
dP/dtmin -1102 + 77 -818 £ 56 -823+67 -1042+114 -1126+51 0.29
dP/dtmin / ESV -125+0.9 -11.1+0.6 -11.2+0.7 11.1+£1.0 153+09 0.008
tPFRI (msec) 623 £42 525 +30 604 + 36 505 + 30 648 +52  0.023

*mesenchymal precursor cells; "acute myocardial infarction; *preload recruitable stroke work; ‘top peak ejection

rate;
Itop peak filling rate
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The endocardial border was traced at end-diastole and end-systole at each level. LV volumes were
bED) * L/3 + (AmED+ApED)/2)
) ¥ L3+ (A FALN/2) * L3+ 1/3(A )

mES PES

calculated using modified Simpson’s rule: LV end diastolic volume (LVEDV)= (A
*1/3 + 1/3(ApED) * L/3; LV end systolic volume (LVESV)= (A

* L/3, in which A, is the area at basal level, whereas A_and Ap are the areas at mid and apical level

bES

respectively. L is defined as the length of the ventricle from apex to base, and was set at 10 cm at
baseline, based on cadaver measurements. L at 8 week follow up was measured by counting up the
thicknesses of all post-mortem slices (see supplemental figure 1), and L at 4 week follow up was
estimated by calculating the mean between baseline and 8 week follow up per animal. LVEF was
calculated as follows: [(LVEDV-LVESV)]/LVEDV * 100. These estimations of LV volumes and EF were
shown to correspond very well with radionuclide measurement techniques.®

Regional fractional area change (FAC) was calculated using the following formula: [(end-diastolic area)
- (end- systolic area)]/(end-diastolic area). Also, regional systolic wall thickening was assessed in apical
and mid-ventricular recordings. The local wall thickness was measured at end-diastole and systole in
the infarct segments (anteroseptal and anterior wall) and one remote segment (inferolateral wall).
Systolic wall thickening was subsequently determined by the following formula: [(end-systolic wall

thickness) - (end-diastolic wall thickness)]/(end-diastolic wall thickness)].

Infarct volume and morphometry

After excision of the heart, the LV was isolated and cut into 5 slices from apex to base. To discriminate
infarct tissue from viable myocardium, the slices were incubated in 1% triphenyltetrazolium
chloride (TTC, Sigma-Aldrich Chemicals,Zwijndrecht, Netherlands) in 37 °C Sorensen buffer (13.6
g/L KH2P0O4+17.8 g/L Na2H PO4:2H20, pH 7.4) for 15 min. All slices were scanned from both sides
and in each slide the infarct area was compared to total area using digital planimetry software.
After correction for the weight of the slices, infarct size was calculated as a percentage of the LV.
Infarct thickness was depicted as the average of three measurements from endocardial to epicardial
border per slice, whereas the border zone thickness was the average thickness of viable myocardium

measured directly adjacent to both sides of the infarct.

Immunohistochemical staining

Collagen content, myocardial salvage index and cardiomyocyte size

Collagen content was assessed using Gomorri trichrome staining. In short, sections of the infarct and
border zone, as well as sections of the remote area were deparaffinized and submerged in Bouin’s
fixation solution (Sigma Aldrich, St. Louis, USA) at 562C for 15 minutes. Nuclei were stained with
haematoxylin, after which the slides were submerged in Trichrome-LG solution (Sigma Aldrich, St.
Louis, USA). After treatment with 0.5% acetic acid solution for one minute, slides were mounted in
Entallan (Merck, Darmstadt, Germany).

Three random pictures were taken of each slide at 10x magnification, and collagen content was

quantified using a customized software routine as mentioned before and depicted as percentage of
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the total surface area. The myocardial salvage index was calculated by dividing the area of viable
myocardium in the infarct by the area that was composed of collagen.

Also, cardiomyocyte size was measured in trichrome-stained sections of border zone and remote
myocardial segments. Three random pictures were taken at 40x magnification and the average surface
area of at least 10 cardiomyocytes per field of view was determined. Surface area was only assessed of
transversely cut cardiomyocytes in which a nucleus was visible to assure measuring the surface area
at the mid level of the cardiomyocyte.

Capillary and arteriolar density

The blood vessel density was determined in border zone, remote area and the infarct area. In
the border zone and remote area, blood vessel density was quantified by counting the amount of
capillaries per mm?. Blood vessel density in the infarct area however, was determined by quantifying
arterioles, which was necessitated by the disarray of capillaries and pronounced aspecific staining.
In brief, sections of the infarct border zone and remote myocardial segment were deparaffinized,
rehydrated, pre-treated with trypsin EDTA (Lonza, Verviers, Belgium) and stained for isolectin-B,
(Bandeiraea simplicifolia Isolectin-B, peroxidase, Sigma Aldrich, St. Louis, USA; (20 mg/ml)). Sections
of the infarct area were stained for smooth muscle actin (SMA; clone 1A4, Sigma Aldrich, St. Louis,
USA; 1:100). All sections were blocked in methanoI/HZO2 solution for 30 minutes and incubated
overnight at 42C with isolectin-B, or SMA antibody solution. The slides for SMA staining were then
washed and immersed in a secondary antibody (HRP-conjugated goat anti-mouse antibody, DAKO,
Glostrup, Denmark) for 90 minutes. Subsequently, all slides were immersed in DAB solution (DAKO)
for six minutes and finally mounted in Entellan. A technician blinded for the treatment allocation of
the individual sheep took three random pictures of the border zone and remote myocardial segment
or infarct area at 20x magnification after which capillaries and arterioles were quantified. Capillary
density and arteriolar density were expressed as number per mm?.

The micro-perfusion in the border zone and remote area was quantified as the number of capillaries
per cardiomyocyte (capillary-to-cardiomyocyte ratio) and corrected for the collagen deposition in the
extra-cellular matrix, and calculated using the following formula: [(capillaries/mm?)/(cardiomyocytes/

mm?)*(1-collagen content)].

TUNEL, Ki67 and cKit staining

Paraformaldehyde-fixed, paraffin-embedded heart sections of 5 um thick were used for TUNEL, Ki-
67, and c-Kit staining. The amount of apoptosis was quantified using a “In situ cell death detection
kit” (Roche, Basel, Swiss) per the manufacturer’s instructions. Most antibodies have been used
successfully in swine, but not sheep, by other laboratories.'®!! Antigen retrieval for Ki67 and cKit
was done by boiling the slices for 30 minutes in 10mM citrate (pH 6). For Ki67 staining, sections
were blocked in methanol/H,0, solution for 30 minutes and incubated overnight at 42C with Ki67
antibody (clone MIB-1, DAKO; 1:100) solution. The slides were then washed and immersed in a
secondary antibody (HRP-conjugated goat anti-mouse antibody, DAKO) for 90 minutes, after which
they were immersed in DAB solution (DAKO). Pictures of multiple fields (400x) were used to quantify
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Table 3. Echocardiographic volumes and ejection fraction

Control MPC-treated p-value
LVEF BL (%) 51.3+25 52.2+25 0.77
LVEF post (%) 43.1+1.2 42.4+1.4 0.58
LVEF 4WFU (%) 420+1.7 463+0.9 0.009
LVEF 8WFU (%) 37.3+19 47.7 £1.2 0.001
ESV BL (mL) 58.5+44 549+3.3 0.51
ESV post (mL) 67.8+3.7 62.8+4.2 0.33
ESV 4WFU (mL) 90.4+7.8 65.9+4.38 0.025
ESV 8WFU (mL) 115.8+16.5 71.3+6.9 0.042
EDV BL (mL) 119.7+6.7 115.1+5.6 0.58
EDV post (mL) 119.3+7.2 112.6 +5.9 0.39
EDV 4WFU (mL) 155.2+10.6 123.0+£9.2 0.018
EDV 8WFU (mL) 182.9+225 136.2+12.0 0.037

BL: baseline; post: directly post myocardial infarction; LVEF: left ventricular ejection fraction; 4WFU/8WFU: 4 and 8
week follow up; ESV: end systolic volume; EDV: end diastolic function.

the frequency of Ki67 staining. cKit staining was performed by immersing the slides in cKit antibody
solution (ab5506, Abcam, Cambridge, UK; 1:100) together with anti-cTnl (mouse monoclonal antibody
clone 8I-7, Spectral diagnosis, 1:100) to detect myocyte filaments. Samples were posttreated with
fluoroisothiocyanate (FITC) conjugated anti-rabbit and TRITC conjugated anti-mouse antibody (Dako).
Nuclei were stained with DAPI (Vectashield). Multiple fields were photographed using an Olympus

IX55 fluorescence microscope, after which cKit+ cells were quantified.

RESULTS

Measurement of cell diameter of mesenchymal precursor cells

Ovine MPC have a median diameter of 13 micron and a mean diameter of 13.2 £ 2.2 micron
(supplemental figure 3)

Nuclear cell tracking experiments

In two separate sheep, bio-distribution was assessed following intracoronary infusion of 37.5 million

20 pm

Figure Ill. Light photomicrographs of mesenchymal precursor cells at 1000x magnification.
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Indium?! labeled MPC. The Indium?!labeling efficiency was 79.5 + 7.5%, and cell viability exceeded
85% after the labelling procedure. Ex vivo quantification of Indium** uptake in all major organs
estimated a cell uptake in the heart of 40.8% of the total cell dose in sheep 1 and 53.5% in sheep
2, whereas lungs (13.7% and 6.9%), kidneys (2.3% and 1.7%), liver (5.6% and 2.6%), spleen (0.8%
and 0.3%), and pericardium (0.3% and 0.1%) had limited uptake (figure 3A). The residual activity was
predominantly detected in the infusion and urinary catheter systems. In the heart, the MPC were
retained in the perfusion territory of the LAD (figure 3B/C), i.e. the anterior and anteroseptal wall. No

activity was detected in remote myocardial segments (figure 3B).

DISCUSSION

Analysis of cardiac function

In this study, cardiac function and volumes were assessed using both PV-loop analysis and
echocardiography. Invasive hemodynamics by analysis of the pressure-volume relation analysis
renders reliable and reproducible quantification of the LV volumes, and thus LVEF, throughout the
cardiac cycle.'> Also, indices of intrinsic myocardial contractile function can be determined that
are independent of pre- and afterload conditions, which are known to differ substantially between
the acute phase of the AMI and at eight weeks follow up.®** Echocardiography analysis showed
comparable pre-AMI conditions between groups, provided supportive data on global and regional
cardiac function, and corroborated PV-loop data. Importantly, PV-loop and echocardiography data
were acquired and analyzed by separate technicians, who were blinded for the treatment allocation

of the individual sheep.
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ABSTRACT

Allogeneic Mesenchymal Precursor cells (MPC; Revascor™; Mesoblast Inc.) comprise STRO-3 immune-
selected stem cells, which are derived from donor adult bone marrow mononucleated cells. They may
provide an “off-the-shelf” regenerative therapy for acute myocardial infarction (AMI) patients that can
be directly applied following the primary PCl procedure.

The AMICI trial is a prospective, randomized, placebo-controlled, double blind clinical trial that will
analyze the effect of intracoronary infusion of allogeneic mesenchymal precursor cells (MPC) in
patients with an ST-elevation myocardial infarction. The therapy will be initiated directly following
revascularization and standard therapy of the left anterior descending artery (LAD). Up to 225 patients
with a first anterior wall AMI will be enrolled. After successful revascularization, the patients will
be randomized in a 1:1:1 ratio to receive 12.5 or 25 million allogeneic MPC or placebo solution via
intracoronary infusion. The primary safety endpoint is defined as the occurrence of MACCE at 30 days
follow up. Patients will be further screened for coronary flow related side effects of MPC infusion
during and following cell infusion. Primary efficacy endpoint is defined as the reduction in infarct size
as quantified by delayed enhancement cardiac MRI. This study is initiated in Q1 2013.

Overall, In the AMICI study, we aim to determine the safety, feasibility and efficacy of intracoronary

infusion of allogeneic MPC after AMI.
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BACKGROUND

Despite improvements in the treatment of acute myocardial infarction (AMI), the incidence of heart
failure is still rising.)®* Cardiomyocyte loss following AMI and subsequent scar tissue formation
eventually leads to cardiac remodeling®®, which is characterized by expansion of the infarct area,
progressive collagen deposition, and dilation of the left ventricle (LV).°

To prevent deterioration of cardiac function following AMI, stem cell therapy has raised considerable
interest in the field of cardiology over the past 10 years, with over 2000 AMI patients treated
worldwide with a form of stem cell therapy in several small-scale clinical studies.” In these studies,
the effects of unfractioned bone marrow derived stem cells (BMC) have been investigated.”® Recent
meta-analyses that evaluated these studies concluded that intracoronary infusion of BMC is safe and
feasible. Overall, there is a modest increase in ejection fraction of approximately 4% 7, whereas long-
term follow up showed a decrease in clinical end points including: revascularization, hospitalizations
for heart failure and recurrent AMI in some studies.”**!! It is hypothesized that BMC have the ability
to regenerate the myocardium predominantly by paracrine actions, thereby decreasing apoptosis and
inducing neo-vascularization.*?

As the effects of BMC on cardiac repair have been modest, the search for more potent cells is ongoing.
1314 Mesenchymal precursor cells (MPC) comprise a Stro-3 immune-selected, immature sub fraction
of BM-derived mesenchymal stem cells (MSC).*> Both MSC and MPC have been shown to exhibit
cardioprotective properties in preclinical studies that might exceed the properties of BMC.** MPC
are multipotent cells with extensive proliferative potential, and secrete a vast array of anti-apoptotic
factors, growth factors, pro-survival factors and immunomodulatory cytokines.>***° Importantly, it
was found that MPC display greater cardio-protective effects than conventional MSC that are selected
by plastic adherence alone, which may be evoked by their potent paracrine activity, as well as more
extensive multilineage differentiation potential.?>?* Due to an immunomodulatory effect on both
the innate and adaptive immune system and a unique immunophenotype, MPC can be given in an
allogeneic setting.’*'>?? This renders the possibility of an ‘off-the-shelf’ mesenchymal cell product
with several advantages: (1) painful harvesting procedures are no longer needed, (2) no delay in
administration of cells after AMI, (3) high quality of the cell product with batch-to-batch consistency
and thus (4) no variation in cell quality between patients.

The AMICI trial is the first clinical trial that will investigate the safety and feasibility, as well as
functional implications of intracoronary administration of allogeneic MPC directly following primary

percutaneous intervention for the treatment of acute myocardial infarction.

Investigational product

Revascor™ consists of STRO-3 mesenchymal precursor cells from the bone marrow of a healthy
individual. STRO- 3 MPCs are isolated via STRO-3 based prospective immunoselection by magnetic
activated cell sorting, as described before!®. After selection, the STRO-3 MPCs are expanded in

culture to produce a large number of pure, homogeneous, concentrated allogeneic MPC with defined
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characteristics and minimal lot-to-lot variability. These expanded MPC have been shown to retain the
MSC capacity for differentiation into bone, cartilage, and adipose tissue in vitro and regenerate bone
in vivo. MPCs have established biological activity, consistent characterization, enhanced purity and

potency and are immediately available for ‘off-the-shelf’ allogeneic use.

Preclinical experience with MPC and rationale of intracoronary infusion

The cardioprotective effects and potential of MPCs following intramyocardial injection have been
investigated and recognised in several rodent and large animal preclinical studies.?*?*?* In a recent
large-scale, randomized study using a total of 88 adult sheep, the safety, feasibility and efficacy of
intracoronary infusion of three different doses of MPC were investigated directly following AMI.?
Although intracoronary infusion of stem cells has been associated with vascular plugging and
the occurrence of myocardial infarctions, it was found that, when certain conditions are adopted,
intracoronary infusion of doses up to 37.5 million MPC can be performed safely without compromising
coronary flow. The cells had a favorable safety profile, as the treatment arm exhibited no ventricular
arrhythmias, no cell therapy related side effects, and no histopathological abnormalities. More
importantly, intracoronary MPC infusion reduced infarct size and prevented subsequent adverse
cardiac remodeling by cardiomyocyte salvage and stimulation of angiogenesis, thereby preserving
cardiac function and dimensions. In this study, we found no dose-effect relation, and all doses (12.5,

25, and 37.5 million MPC) seemed equipotent in preserving myocardial function.

METHODS AMICI TRIAL

Study objectives

The primary objective of the AMICI trial is to evaluate the safety and feasibility of intracoronary
delivery of two different doses of allogeneic MPC in patients with ST-elevation myocardial infarction
undergoing primary PCl of the LAD in a double-blind, randomized, and placebo-controlled setting.

Also, the efficacy and optimal dosing of intracoronary delivery of MPC will be investigated.

Study overview and design

The AMICI study will be executed according to the declaration of Helsinki. The protocol for this study
has been approved by the regional ethical committee of each participating hospital and by Dutch
federal authorities. This study is a phase I/Il, prospective, double blind, randomized, placebo-controlled
trial that will take place in approximately 20 US, 30 European and 12 Australian centers. The trial has
been registered at WHO trial database (EUCTR2010-020497-41-NL), European Clinical trial register
(2010-020497-41) and at www.ClinicalTrials.gov (NCT01781390).

The data safety monitoring board (DSMB) will perform safety reviews of the initial 30, 60 and 90
patients at day 30 of their follow up. The DSMB will perform a conditional power analysis after the

initial 60 patients have reached 6 months follow up. An interim analysis to assess futility and possible
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225 patients
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Figure 1. Flowchart of the inclusion of patients in the AMICI trial. Eligible patient and the cardiologist both sign a
short informed consent form before primary PCl. When TIMI flow is 3 after reperfusion and stent implantation,
the patient is blindly randomized to receive either a placebo solution, 12.5 million or 25 million MPCs. If TIMI
flow is lower than TIMI 3, patients will be excluded from the study and replaced. AMI indicates: acute myocardial
infarction; PCl: percutaneous coronary intervention; LAD: left anterior descending artery; TIMI: thrombolysis in
myocardial infarction; MPCs: mesenchymal precursor cells.

sample size adjustments will also be performed by the DSMB when 120 subjects complete 6 months

follow up. Flowchart 1 summarizes the design of this study.

Patient population

The study will enroll up to 225 patients undergoing percutaneous coronary intervention (PCl) of a de
novo anterior wall AMI due to a lesion in, or occlusion of the left anterior descending (LAD) coronary
artery. After successful revascularization of the LAD (defined as TIMI 3 flow and residual stenosis of
less than 20%), eligible patients will be randomly assigned in a 1:1:1 ratio to receive 2 doses of MPCs
(22.5 million; n=75 or 25 million; n=75) or placebo solution (n=75). All patients have to meet all of the
inclusion and exclusion criteria as listed in table 1and 2. Qualifying patients will be approached before
the primary PCl by the site investigator or interventional cardiologist and provided with an informed

consent form for signature before PCI.
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Table 1. Inclusion Criteria

Patients will be entered into this study only if they meet ALL of the following criteria:

Willing and able to understand, sign, and date the Informed Consent Form

Males or females > 18 years.

Clinical symptoms consistent with AMI between 2-12 hours from onset of symptoms PClI,
unresponsive to Nitroglycerin.

De novo anterior Acute Myocardial Infarct

Successful revascularization of the culprit lesion in the LAD within 2-12 hours of the onset of AMI
symptoms (defined as (1) primary or facilitated percutaneous coronary intervention (PCl) with stent
implantation, resulting in TIMI 3 flow AND (2) residual stenosis of less than 20% by on-line QCA.
If the subject or subject’s partner is of childbearing potential (not amenorrhagic for the previous
24 months or not surgically sterile), the subject must be willing to use adequate contraception
(hormonal pill, implant or intrauterine device, barrier methods only if used consistently) from the
time of screening and for a period of at least 16 weeks after procedure.

Negative urine pregnancy test

Must be willing to return for required follow-up visits

Table 1 gives an overview of the key inclusion criteria of the AMICI trial

Table 2. Exclusion criteria

Patients will not be entered into this study if they meet ANY of the following criteria:

Known prior M, prior PCI LAD, CABG, prior known hypertrophic cardiomyopathy, or prior hospital
admission for heart failure (HF).

Significant valvular disease

More than 12 hours between the onset of first symptoms of AMI and revascularization

Unsuccessful revascularization of culprit artery defined as less than TIMI 3 flow or residual diameter
stenosis of 20% by on line QCA analysis.

Need for staged treatment of coronary artery disease, or other interventional or surgical procedures
to treat heart disease (e.g., valve replacement, PCl or CABG) planned or scheduled within 6 months
after the study procedure.

Cardiogenic shock or hemodynamic instability

History of persistent atrial fibrillation

Malignancy within last 3 years from screening

Acute or chronic bacterial or viral infectious disease

Pacemaker, implantable cardioversion defibrillator (ICD) or any other contra-indication for cMRI
Known history of Severe Chronic Obstructive Pulmonary Disease (COPD)

Known history of sensitization to human leukocyte antigens

Known allergy to DMSO, murine protein, bovine protein, aspirin, clopidogrel, prasugrel, and/or
metallic stent

Current participation in any other investigational trial

Pregnant or lactating women

Prior participation in any stem cell or any other investigational trial in the past 30 days

Intent to participate in any other investigational drug or cell therapy study during the 2-year follow-up
period of this study

Any concurrent disease or condition that, in the opinion of the investigator, would make the patient
unsuitable for participation in the study

Table 2 represents the key exclusion criteria of the AMICI trial




Rationale and design of the AMICl trial | 185

End points

The end points for this study are divided into safety endpoints, feasibility endpoints, and efficacy

endpoints. All secondary endpoints are listed in table 3.

Table 3. Secondary endpoints

. Change in LVEF, LV end-diastolic and end-systolic volumes on MRI, MIBI-SPECT and 2D-
echocardiography comparing baseline with the follow up

. Change in left ventricular wall thickness and thickening in all segments on MRI comparing baseline
with the follow up

. Change in regional wall motion score index on MRI en 2D-echocardiography comparing baseline with

the follow up

Change in infarct size with late enhancement cardiac MRI comparing baseline with the follow up

Change in perfusion defect, comparing baseline with the follow up

Change in concentrations of NT-pro-BNP

Score changes in the SF-36 and Seattle Angina questionnaire

Occurrence within 24 months of a MACCE defined as cardiac death, myocardial infarction, target

vessel revascularization, stroke, cardiac hospitalizations due to congestive heart failure requiring

intravenous diuretics

. Occurrence of ventricular arrhythmia throughout the follow up period

. Change in CCS or NYHA classification

. Change in CFR or TIMI flow following intracoronary infusion of the MPC cell solution compared with
the placebo.

. Change in reactivity of class | and Il HLA with specificity

. Reaction on anti-bovine and anti-murine antibodies

Table 3 gives an overview of secondary endpoints used in the AMICI trial. LVEF indicates left ventricular
ejection fraction; NT-pro-BNP: N-terminal-pro-brain-natriuretic-peptide; SF-36:short-form 36; MACCE:
major adverse cardiac and cerebrovascular events; CCS: Canadian Cardiovascular Society; NYHA: New
York Heart Association; CFR: coronary flow reserve; TIMI: thrombolysis in myocardial infarction; MPC:
Mesenchymal progenitor cell; HLA: Human leucocyte antigenOutcome measures of safety

The primary safety end point is defined as the occurrence of major adverse cardiac or cerebral events
(MACCE; cardiac death, myocardial infarction, target vessel revascularization, stroke, hospitalizations
for heart failure requiring intravenous diuretics) during the 30 day period directly post treatment.
Other safety end points are defined as the occurrence of MACCE, or any serious adverse events (SAE)
and adverse events (AE) during the 24 month follow up. These clinical end points will be assessed
throughout the hospitalization, as well as outpatient clinic visits at 2 weeks, and at 1, 3, 6, 12, 18 and
24 months after the procedure (table 4). To assess the occurrence of arrhythmias, patients will receive
a 48 hour holter monitor at 2 weeks, 1, 3, and 6 months following MPC infusion. All data from the

holter monitor will be send to and analyzed by Medpace LLC (Cincinnati, USA)

Outcome measures of feasibility

The primary feasibility endpoint is defined as the occurrence of a significant change in coronary flow
during and post MPC infusion, as measured by coronary flow reserve (CFR) and TIMI flow assessments.

CFR under adenosine will be obtained before and after the infusion procedure, whereas TIMI flow
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Table 4. Summary of events

Day Day 14 1 3 6 12 18 24
0 2-4 days month months months months months months

Cardiac MRI X X X X
MIBI-SPECT X X X X
2D Echocardiography X X X X
NT-Pro-BNP X X X X X X
SF36 X X X X X X
Seattle Angina Questionnaire X X X X X X
CFR X
TIMI X
MACCE X X X X X X X X X
48 hour Holter X X X X X
CCS/NYHA X X X X X X X X
Class | en Il HLA antibodies X X X X X X X X
Anti-murine and anti- X X X X X X X X

bovine antibodies

Table 4 summarizes the patient follow up during 24 months. Cardiac function will be assessed by MRI, MIBI-SPECT
and 2D-echocardiography 4 times during the study. The patients will visit the outpatient clinic 5 times during
follow-up. Patients wellbeing and CCS/NYHA classification will be assessed additionally at 18 months follow-up
during a telephone consult.

NT-pro-BNP indicates N-terminal-pro-brain-natriuretic-peptide; SF-36:short-form 36; MACCE: major adverse
cardiac and cerebrovascular events; CCS: Canadian Cardiovascular Society; NYHA: New York Heart Association;
CFR: coronary flow reserve; TIMI: thrombolysis in myocardial infarction; MPC: Mesenchymal progenitor cell; HLA:
Human leucocyte antigen

will be assessed every 15 minutes during MPC infusion. CFR will be measured using a Combowire XT
(Volcano, San Diego, USA) placed in the stented segment of the LAD. QCA of the culprit vessel will be
obtained after stenting of the LAD prior to cell infusion.

Anti-bovine, anti-murine antibodies and anti-HLA antibodies

Blood will be sampled at baseline, 2 weeks, 1, 3, 6, 12 and 24 months post injection. Patients will be
closely monitored for the development of anti-bovine and anti-murine antibodies, as in the process
of cell culturing bovine and murine antigens are used that might lead to allergic reactions. Also, as
MPC is an allogeneic cell product, patients will be monitored for the development of graft-versus-host
disease, Class | and Il antibodies and , leucocyte changes. All blood samples will be transported to and

analyzed by ViraCore IBT Laboratories Inc.™ (Lee’s Summit, USA).

Outcome measures of efficacy

The primary efficacy endpoint is defined as the change in relative infarct size as assessed by delayed
enhancement cardiac MRI (DE-CMR) from baseline to 6 months follow up. Secondary efficacy
endpoints (evaluated up to 24 months) will include CMR and 2D-echocardiography measures of infarct

weight and size, left ventricular function and dimensions, wall thickness and thickening, wall motion



Rationale and design of the AMICl trial | 187

score and myocardial salvage index. Nuclear imaging (MIBI-SPECT) will provide data on left ventricular
function and dimensions, and the perfusion defect at rest. NT-pro-BNP levels will be determined as a
marker for the presence and severity of heart failure. To assess implications of the acute myocardial
infarction on the patients wellbeing, impact of the disease on their life and severity of anginal state,
patients will be evaluated using the Medical Outcome Study Short Form (SF-36), the Seattle Angina
Questionnaire, New York Heart Association (NYHA) functional classification, Canadian cardiovascular

society classification (CCS) and Killip classification . All secondary efficacy endpoints are listed in table 3.

Cardiac MRI

Baseline MRI procedure will take place 2-4 days after primary PCl and cell/placebo infusion.

Patients will undergo CMR at 2-4 days post myocardial infarction (baseline), 6, 12 and 24 months after
the index procedure using 1.5 or 3.0 Tesla scanners. In brief, ECG-gated steady state free-precision
images are obtained during breath hold in 4, 3, and 2 chamber cine. Short axis slices are obtained of
the whole left ventricle for measurements of regional and global left ventricular function. Delayed
enhancement images to determine infarct size (T1/T2 weighed images) are acquired 10 minutes after
intravenous infusion (0.2 mmol/kg) of gadolinium-based contrast agent. Infarct size is calculated as
total percentage infarct volume divided by total left ventricle tissue volume. Data analyses will be

performed by an independent, blinded core lab (Imagepace LLC, Cincinnati, USA).

2D echocardiography

At baseline (2-4 days), 6, 12 and 24 months a transthoracic 2D ultrasound will be made to assess left
ventricular ejection fraction, cardiac dimensions (LVEDV, LVESV), and regional wall motion score index.
Images are obtained using a Phillips iE33 echo machine (Phillips, Eindhoven, The Netherlands), or a
comparable device. Standard parasternal long axis (2-, 3-, 4-chamber view) and short axis (basal, mid-
ventricular and apical) are acquired. The images will be analyzed by an independent, blinded core lab
(Imagepace LLC, Cincinnati, USA). Left ventricular ejection fraction as well as cardiac dimensions will
be obtained using parasternal 2 and 4 chamber view, using Simpson’s method. A parasternal short axis

view is obtained to calculate wall motions score index according to the 16 segments method.

MIBI-SPECT

Myocardial perfusion assessment by a MIBI-SPECT scan will be performed 2-4 days after AMI (baseline)
and at 6, 12 and 24 months follow up, to obtain data about the perfusion defect at rest, LVEF and left
ventricular end-diastolic and end-systolic volumes. Two hours before scanning TC-99-sestamibi will be
intravenously administered, followed by scanning of the patient by a gamma camera. Analyses will be
performed by Imagepace LLC (Cincinnati, USA).

The investigational product and placebo solution

Subjects will be randomized to receive approximately 12.5 million or 25 million allogeneic MPC
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(in a bag of 4 cc) suspended in 100 cc of Ringers Lactate. The allogeneic MPCs are formulated in
concentrations of 15 and 30 million nucleated cells in a 5-mL volume and are cryopreserved in 7.5%
dimethyl sulfoxide (DMSQ)/50% Alpha Modified Eagle@s Medium (MEM) and 42.5% ProFreeze®.
Placebo solution is sterile saline. The bags are stored in a tank with liquid nitrogen. The cells or placebo
solution are rapidly thawed and dissolved in 100 cc of Lactated Ringers directly before infusion. The
MPC dosages and placebo solution will be administered via direct intracoronary infusion via a micro-
catheter (Twin Pass, Vascular Solutions, Minneapolis, USA) following the primary PCl at each site’s

cardiac catheterization suite.

Cell infusion Procedure

Directly after successful revascularization of the LAD, the cells will be administered by continuous
infusion via a micro-catheter that is positioned in the stented segment of the culprit artery. The MPCs
or placebo solution will be infused in 50 minutes at an infusion rate of 2cc/min (0.25 x 10° cells/min
or 0.5x 10° cells/min). Before MPC infusion, CFR is measured . During MPC infusion, the infusion will
be stopped after every 33 cc (approximately every 15 minutes) and TIMI flow will be obtained. After

completion of the cell infusion, CFR and TIMI flow will be determined again.

Sample size calculation

The study is planned for a sample of 150 treated subjects and 75 control subjects. In a reference study
the infarct size reduction by MRI within each subject group was distributed with a standard deviation
of 8.2.% If the true difference in the experimental and control means is 4.0 we will be able to reject the
null hypothesis that the population means of the experimental and control groups are equal with a
power of 0.84. The type | error probability associated with this test of the null hypothesis is 0.05. The
sample size of 225 subjects is adequate to assess the primary endpoint of safety and feasibility utilizing
descriptive statistics. Adjustment for approximately 10% early termination rate has been taken into

consideration for the 225 subject sample size.

Current status

In total of 20 US, 30 European and 12 Australian sites will participate in the AMICI trial. The first

patients are currently included.

DISCUSSION

The current phase I/l trial as outlined above, was designed to investigate the safety, feasibility and
functional effects of intracoronary administration of MPC (Revascor™) in the treatment of an ‘all-
comers’ population of large anterior wall AMI. The integrated phase I/Il design of this study has
several advantages. The primary safety analysis is performed 30 days after the inclusion of 30, 60,
and 90 patients. However, each time the primary safety end point has been met, there is no delay in

continuing the study. Also, all patients can be included in both long term safety and efficacy follow



Rationale and design of the AMICl trial | 189

up. Moreover, a new power analysis is performed after reaching the 6 month follow up of the first 60
and 120 patients, after which the number needed for reaching the primary efficacy end point can be
adjusted downward, and fewer patients might be needed.

Another unique feature of the current study design is that we aim to include an “all-comers” patient
population presenting with anterior wall AMI due to occlusion of the LAD. In contrast to several other
stem cell studies, the amount of impairment of the left ventricular ejection fraction (LVEF) is not an
in- or exclusion criterion. Although it is hypothesized that patients presenting with large myocardial
infarcts benefit most from cellular therapy 7, assessing this baseline LVEF costs valuable time that is
lacking in the current protocol. Moreover, in a previous study we found that all patients with a baseline
LVEF below 50%, all presented with an anterior wall AMI.?” Also, due to increasingly shorter door-to-
balloon times in the Western world, patients with significantly impaired LVEF following their first AMI
are getting rare. This implies that including only patients with an LVEF below 45-50% will slow down
the inclusion of patients in this study considerably. By investigating this ‘all comers’ anterior wall AMI
population, patients with both extensive and less extensive infarcts will be included, thereby providing
valuable information on which patients benefit most from cellular therapy.

In most cell therapy studies to date, the predominantly used primary efficacy end point was left
ventricular function as determined by LVEF. However, in these studies the overall effect of cell therapy
on LVEF has been modest to none.” It is believed that current pharmacotherapy following AMI reduces
the pace of LV remodeling, thereby preserving LVEF for a considerable time and exceeding the follow
up time of these stem cell studies. We therefore believe that LVEF might not be the optimal end
point in cell therapy studies. In contrast, in the recent Apollo trial that investigated the intracoronary
infusion of adipose tissue-derived regenerative cells led to a significant decrease of infarct size in
treated patients.?” This finding was confirmed with preclinical data.?® Therefore, in the AMICI trial, the
change in infarct size from baseline to 6 months follow up as determined by DE-CMR is the primary
efficacy end point. Although intravenous administration of mesenchymal stem cells (MSC) has been
established before ', the current study is the first large, multicenter study to assess the safety and
efficacy of intracoronary infusion of a mesenchymal cell population. The MPC used in this study are
a Stro3+ selected sub-population of bone marrow-derived MSC, and the cardioprotective effects of
these cells were shown to exceed the cardioprotective effects of regular MSC in several pre-clinical
studies.?>?! In a recent randomized study in 88 sheep, it was found that intracoronary infusion of this
investigational product had marked effects on LV remodeling and function, evoked by cardiomyocyte
salvage and neo-angiogenesis.? It is hypothesized that the properties of MPC to secrete larger amounts
of paracrine, cardioprotective factors, including SDF-1, result in less cardiomyocyte apoptosis following
the ischemic insult. Also, MPC have the phenotype and characteristics of a vascular pericyte, and they
secrete angiogenic factors including VEGF, SDF-1, HGF-1 and Ang-2. Intracoronary infusion of MPC in
the culprit artery thereby stimulates (neo-)angiogenesis in the infarcted area, eventually leading to
increased perfusion and preservation of cardiac function. Because myocardial salvage is believed to
be the predominant working mechanism of cell therapy in AMI using MPC, in the AMICI trial the cells

will be delivered directly following the primary PCI. Directly following MI, most cardiomyocytes are at
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risk for ischemia-reperfusion injury, therefore the anti-apoptotic and cardioprotective properties of
the MPC will be maximally utilized.

An allogeneic, “off-the-shelf”, cell therapy product, originally derived from a young and healthy
donor, has important advantages. It renders a laborious and potentially dangerous BM puncture, as
well as the subsequent culturing steps in clean room facilities, unnecessary. In addition, the stable
stem cell line ensures adequate quality control with inherent batch-to-batch consistency. Also, a
negative correlation was found between the amount and functionality of progenitor cells, and age
and cardiovascular risk factors.? This would make the use of allogeneic MPC in the typically elderly,
cardiovascular patient population preferable over autologous cells. More importantly, the cell therapy
can be initiated directly after the revascularization of the AMI, thereby maximally utilizing the anti-
apoptotic and immunomodulatory capacities of the cells.

The safety of administrating allogeneic MSC to AMI patients was shown before.* As MSC, MPC lack the
HLA Il DR-domain; therefore no cytotoxic T-cell or natural killer cell response is provoked. Indeed, in a
recent clinical phase lla study, that assessed the safety and feasibility of intramyocardial injections of
allogeneic MPC in 60 heart failure patients, allogeneic MPC injections up to a dose of 150 million cells
were shown to be safe and feasible without a clinically significant anti-allogeneic immune response.?
Importantly, the total cell dose injected in this study was 6 times higher as the maximum cell dose that
is tested in the AMICI trial. Still, all patients in the AMICI trial are rigorously monitored for class | and
Il antibodies, C-reactive protein, anti-bovine and anti-murine antibodies. after 30 days, and 3 and 6
months following MPC infusion.

The AMICI trial is the first study to investigate the safety and feasibility of intracoronary infusion of
allogeneic stem cells. Although intracoronary stem cell delivery is the preferred delivery method
following AMI***, it was deemed impossible to administer cultured stem cells intracoronarily, as
several preclinical studies reported vascular plugging and the occurrence of myocardial infarctions
following stem cell infusion.?*2 However, MPC have some characteristics that might make them more
suitable for intracoronary infusion than other cell types, the most important one being the average cell
diameter of only 13 micron?® Indeed, in the large animal study mentioned before, it was found that,
when certain conditions are adopted, intracoronary infusion of MPC directly following AMI can be
performed safely, without compromising coronary flow.? The favorable safety results of this preclinical

study resulted in the design of the AMICI trial and dictated the infusion conditions that were adopted.

Implications

When intracoronary infusion of mesenchymal precursor cells has been proven to be safe and feasible
and thereby results in functional improvements, this therapy can be a new therapeutic corner stone in

the treatment of AMI and prevention of post AMI heart failure.
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ABSTRACT

Background Cell therapy is a field of growing interest in the prevention of post acute myocardial
infarction (AMI) heart failure. Stem cell retention upon local delivery to the heart, however, is still
unsatisfactory. CellBeads were recently developed as a potential solution to this problem. CellBeads
are 170 um alginate microspheres that contain mesenchymal stem cells (MSC) genetically modified
to express glucagon-like peptide-1 (GLP-1) supplementary to inherent paracrine factors. GLP-1 is an
incretin hormone that has both anti-apoptotic and cardio-protective effects. Transplanting CellBeads
in the post-AMI heart might induce cardiomyocyte salvage and ultimately abrogate adverse cardiac
remodeling. We aimed to investigate the feasibility of intracoronary infusion of CellBeads in a large
animal model of AMI.

Methods and results Four pigs were used in a pilot study to assess the maximal safe dose of CellBeads.
In the remaining 21 animals, an AMI was induced by balloon occlusion of the left circumflex coronary
artery for 90 minutes. During reperfusion, 60,000 CellBeads (n=11), control beads (n=4) or lactated
Ringers’ (n=6) were infused. Animals were sacrificed after two or seven days and the hearts excised
for histological analyses.

Intracoronary infusion did not permanently affect coronary flow in any of the groups. Histological
analysis revealed Cellbeads containing viable MSCs up to seven days. Viability and activity of the MSCs
was confirmed by qPCR analysis that showed expression of recombinant GLP-1 and human genes after
two and seven days.

CellBeads reduced inflammatory infiltration by 29% (P=0.001). In addition, they decreased the extent
of apoptosis by 25% (P=0.001) after two days.

Conclusion We show that intracoronary infusion of 5 million encapsulated MSCs is safe and feasible.
Also, several parameters indicate that the cells have paracrine effects, suggesting a potential

therapeutic benefit of this new approach.
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INTRODUCTION

Despite advances in pharmacotherapy and interventional cardiology, heart failure constitutes a
growing patient population in the Western world (12). Acute myocardial infarction (AMI) is the major
underlying etiology of congestive heart failure (14,28). Because an AMI leads to irreversible loss of
cardiomyocytes, and cardiomyocytes have limited regenerative or compensatory capacity, loss of
cardiomyocytes irrevocably leads to fibrosis and scar tissue formation (5). Subsequent adverse left
ventricular remodeling can cause the heart to fail and lead to the clinical symptoms of heart failure
with poor prognosis (6,7).

The cornerstone of the treatment of AMI patients, which is reperfusion in combination with medical
treatment, only partly prevents scar tissue formation and remodeling of the damaged heart (8). The
prevention of cardiomyocyte loss and remodeling has therefore been the topic of extensive research.
The field of regenerative cellular therapy is an area of growing interest, in particular in AMI patients.
In fact, small scale clinical cell therapy trials show promising results, using bone-marrow derived
mononuclear cells (1,15).

The predominant working mechanism of post-AMI cell therapy is believed to be through the paracrine
action of the grafted cells, resulting in myocardial salvage and neo-angiogenesis (13,20,25). The
mesenchymal stem cell (MSC) is currently hypothesized to be the most potent, non-embryonic cell
with respect to secretion of relevant paracrine growth factors, anti-apoptotic and pro-survival factors,
as well as immunomodulatory cytokines, and have been shown to exert cardio-protective effects in
vivo (3,16,19,30).

Also, a number of recent studies has shown that glucagon-like peptide-1 (GLP-1), one of the most
potentincretin hormones, has potential beneficial action on the ischemic and failing heart (2,17,22,24).
GLP-1 is a naturally occurring incretin with both insulinotropic and insulinomimetic properties, and
has been shown to exert anti-apoptic actions. Interestingly, when added to standard therapy, GLP-1
infusion improved regional and global left ventricular function in a clinical study with AMI patients
with severe systolic dysfunction after successful primary coronary intervention (PCl) (18). However,
due to its very short half-life, a prolonged infusion of 72 hours with substantial side-effects for the
patients was needed to achieve this beneficial effect.

One of the biggest challenges in the cell therapy field today is the poor retention of therapeutic
cells upon local delivery in the heart, with retention rates as low as 1% after intracoronary delivery
(10,11,27). Even though permanent engraftment of stem cells is not required to illicit the cardio-
protective effect, it seems logical that the greater the number of cells that are retained in the injured
myocardium and the longer they reside there, the more pronounced the potential beneficial effect
may be. Despite wide-ranging efforts to increase cell retention using various delivery techniques,
results are still unsatisfactory. A new concept of stem cell delivery has recently become available
owing to advances in the field of biotechnology, as it is currently possible to encapsulate MSC in a
biocompatible alginate shell (26,29). Alginate encapsulation of varying numbers of MSC results in so-

called CellBeads™, available in discrete sizes between 150 and 600 pum.



200 | Chapter9

CellBeads are made from a highly purified alginate material, which is used to encapsulate clusters of
adult human MSCs. These MSCs have been genetically modified to secrete a proprietary recombinant
GLP-1 fusion protein, which consists of two GLP-1 molecules bound by an intervening peptide. This
form of GLP-1 is more stable than endogenous GLP-1, rendering a longer half-life and thus prolonged
therapeutic potential. The alginate coating of the CellBeads is permeable to the GLP-1 fusion protein,
allowing for continuous delivery, while protecting the MSCs from the patient's immune system. Also,
oxygen and nutrients can freely pass through the alginate shell, which renders the MSCs viable for a
long period of time. Thus, Cellbeads are potentially a unique, biological, long-term, local drug delivery
platform that is capable of delivering GLP-1, or other therapeutic proteins, in addition to MSC-derived
factors (VEGF, MCP-1, IL-6, IL-8, GDNF and NT-3) to any target tissue.

We hypothesize that when transplanted in the post-AMI heart, the synergystic effect of paracrine MSC-
derived factors together with the cardio-protective GLP-1 peptide, might evoke myocardial salvage,
reduce apoptosis and influence the inflammatory response in the acute phase of the AMI. In the long
term, CellBead therapy may induce angiogenesis, and decrease post-AMI adverse cardiac remodeling.
The aim of the current study was to evaluate the feasibility and safety of intracoronary delivery of 170

um CellBeads in the acute phase of an AMl in a relevant large animal model.

METHODS

Experimental animals

All procedures were approved by the local animal welfare committee. A total of 25 female landrace
pigs (Van Beek SPF pigs, Putten, The Netherlands, 69.2 + 1.0 kg) were used in this study.

Experimental design.

This study was subdivided in two phases. In the first phase (phase 1), the feasibility of intracoronary
injection of CellBeads was assessed in naive, non-infarcted myocardium in four pigs. The goal of
this phase was to determine the maximum dose of CellBeads to be delivered safely by continuously
assessing coronary flow, or the occurrence of fatal arrhythmias upon CellBead infusion.

In phase 2, 21 pigs underwent an AMI by balloon occlusion, followed by intracoronary infusion of
CellBeads to assess the feasibility and safety of CellBead infusion in AMI. Animals received intracoronary
infusion of lactated Ringers’ (LR) solution (n=6), alginate-only control beads (n=4) or GLP-1 expressing
CellBeads (n=11). Coronary flow was assessed prior to, during and after CellBead infusion using
coronary angiography, Doppler-aided coronary flow (phase 1) and coronary flow reserve (CFR; phase
2) measurements. Animals were sacrificed after two or seven days and the heart was excised for
histological analysis (see figure 1 for study flow chart). In addition, the pigs received an event recorder

to monitor for arrhythmic events.
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Medication and anesthesia

The animals were pre-medicated for ten days with dual anti-platelet therapy (acetylsalicylic acid 80 mg
qd and clopidogrel 75 mg qd) and anti-arrhythmic therapy (only in phase 2; amiodarone 400 mg qd).
General anesthesia was induced and maintained with intravenous infusion of midazolam, sufentanil
and pancuronium. Upon infarct induction and Cellbead infusion, all animals were therapeutically
heparinized and received intravenous infusion of eptifibatide (bolus of 180 pg/kg and 2 pg/kg/min).
A fentanyl plaster was applied after the procedure for analgesia. Dual antiplatelet and anti-arrhythmic

therapy was continued until the sacrifice procedure.

Induction of the acute myocardial infarction

A myocardial infarction was only induced in phase 2 of the current study. Although in phase 1 the LAD

was used to infuse CellBeads, we chose to switch to occlusion of the proximal left circumflex artery

25 animals
Phase 1 Phase 2
4 animals 21 animals
160,000 CellBeads myocardial infarction
6 animals 4 animals 11 animals
lactated Ringers’ 60,000 alginate beads 60,000
control control CellBeads
6 animals 2 animals 2 animals 4 animals 7 animals
7 days follow up 2 days follow up 7 days follow up 2 days follow up 7 days follow up

Figure 1. Study flow chart.

(LCX) for induction of the AMI due to an expected higher survival rate. Catheterisation of the left
coronary system was performed via the right carotid artery. A left coronary angiogram was made to
determine the optimal position for balloon occlusion, followed by inflation of an angioplasty balloon
(Voyager Rx 3.5-4.0x12 mm, Abbott, lllinois, USA) for 90 minutes in the proximal LCX to induce an

acute posterolateral myocardial infarction.
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CellBead infusion and coronary flow assessment

CellBeads were thawed rapidly and diluted in a large volume of LR (150,000 Cellbeads in 250 mL of LR,
rendering a concentration of 600 CellBeads per mL).

In naive animals (phase 1), a micro-catheter (TwinPass, Vascular Solutions, lllinois, USA) was placed
in the left anterior descending (LAD) coronary artery, distal to the first diagonal branch. The infusion
rate in the first two animals was set at 4 mL/min or 2,400 CellBeads/min. In animals 3 and 4, the
infusion rate was reduced to 2 mL/min or 1,200 CellBeads/min. During CellBead infusion, coronary
flow was assessed regularly by coronary angiography, and depicted using the conventional TIMI flow
grade nomenclature (23). Also, coronary flow was continuously measured during infusion using a
Doppler flow wire (Combowire, Volcano, San Diego, USA) and expressed as average peak velocity
(APV).

In phase 1, the maximum amount of CellBeads to be safely delivered without compromising coronary
flow was found to be 60,000. Thus, in phase 2 (AMI animals), either 60,000 CellBeads (n=11), 60,000
control alginate beads (n=4), or LR alone (n=6) were infused intracoronarily. All animals received two
50 mL syringes, containing 30,000 beads or LR only each. These syringes were infused using a syringe
pump (IVAC, Humberside, United Kingdom) at a constant flow rate of 2 ml/min (1,200 CellBeads/min).
During infusion, setting of the beads was prevented by regular rocking of the syringe pump.

Beads were delivered after approximately 15 minutes of reperfusion, a TwinPass infusion catheter was
placed in the proximal LCX. Coronary angiography was performed before infusion, at 25%, 50%, and 75
% of infusion and ten minutes after infusion of the beads, to determine TIMI flow grade. Also, coronary
flow reserve (CFR) was measured before and after bead or LR infusion. CFR was determined by
dividing the APV at maximal vasodilatation during adenosine infusion by the baseline APV. Six animals
were sacrificed two days after the AMI and bead infusion (four animals that received CellBeads, two
control beads), and 15 animals were sacrificed at day seven (seven Cellbeads, two control beads, six
LR control; see figure 1). At sacrifice, TIMI flow grade was measured, after which the animals were
terminated and the hearts excised for histological analysis. TIMI flow grade was determined by an

independent cathlab technician, who was blinded to the treatment of the individual animals.

Event recorder

After the infusion procedure, all pigs were fitted with a REVEAL DX event recorder (Medtronic,
Minneapolis, USA). The recorders were placed subcutaneously in the left thorax. The occurrence
of arrhythmias was assessed prior to termination using a CarelLink™ programmer (Medtronic,
Minneapolis, USA).

Macroscopic and microscopic analysis

In phase two of this study, animals were euthanized at day two or seven and the hearts were excised
and sectioned in five to six bread-loafed slices from the apex to the base. The slices were stained in
2,3,5-triphenyltetrazoliumchloride (TTC) to delineate the infarct area from non-infarcted myocardium.

The non-infarcted myocardium was thoroughly screened for the presence of micro-infarctions. The
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Table 1. Primer sequences used for qPCR

Recombinant GLP-1

CM-1 forward GTGAGCTCTTATCTGGAAGGCC

CM-1 reverse AGATAAGAGCTCACATCGCTGG
Human household genes

HPRT forward AATGACCAGTCAACAGGGGAC

HPRT reverse CCTGACCAAGGAAAGCAAAGTC
Porcine household gene

HPRT forward AATGACCAGTCAACGGGCGAT

HPRT reverse CTTGACCAAGGAAAGCAAGGTT

Abbreviations: qPCR: quantitative polymerase chain reaction; HPRT: hypoxanthine-guanine phosphoribosyl
transferase 1.

entire infarct area and biopsies of remote myocardial segments (anterior and anteroseptal wall) were
taken and fixed in formalin, embedded in paraffin and sliced into 5 um sections. All sections were
stained by hematoxylin and eosin staining (H&E-staining) using a standard protocol. Sections were
examined by a pathologist specialized in cardiac histopathology.

H&E stained sections of remote myocardial segments were investigated for signs of micro-infarctions
or the presence of shedded CellBeads. Sections of infarct tissue of each study animal were investigated
for the presence of CellBeads or control beads, inflammatory reactions and/or foreign body response.
More specifically, the composition and surface area of the inflammatory infiltrate surrounding each
CellBead or control bead was assessed and measured using an Olympus BX45 microscope with a
reticle. We only investigated totally transverse cut beads and measured the distance from the bead to

the periphery of the surrounding infiltrate.

TUNEL staining for apoptosis

Apoptosis was assessed using an ‘In situ cell death detection kit’ (Roche, Mannheim, Germany).
Samples were counterstained with hematoxylin. At least 30 random pictures were taken from slides of
animals that received CellBeads or control beads and were sacrificed at two or seven days. TUNEL and

hematoxylin double positive nuclei were counted and expressed as positive cells/100 um?.

Quantitative PCR analysis of infarct specimens

For determination of recombinant GLP-1 expression in the target area, small samples of the infarct
were taken of animals that survived two or seven days. RNA was extracted using RNA-Bee (Tel-test
Inc., Friendswood, Texas, USA) according to the manufacturer’s protocol. Quality and quantity of the
RNA was verified on an Agilent 2100 Bioanalyzer (Agilent Technologies, UK), and reverse transcribed.
Quantitative PCR (qPCR) analysis was performed using an iCycler iQ Detection System (Bio-Rad,
the Netherlands). Primers were designed selectively for the recombinant GLP-1 dimer and not
endogenous GLP-1, a porcine household gene (hypoxanthine-guanine phosphoribosyl transferase 1;
HPRT) and a human household genes (HPRT). mRNA levels detected by gPCR were expressed relative

to the porcine household genes. The primer sequences are provided in table 1.
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Coronary flow
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Figure 2. Change of coronary flow upon CellBead infusion in naive, non-ischemic myocardium.

The individual points represent the APV that was measured every 15,000 CellBeads, whereas the corresponding
TIMI flow is depicted on the right side of the graph. Intracoronary infusion of CellBeads reduces APV in a dose-
dependent manner. An infusion rate of 2,400 CellBeads/min. caused fatal arrhythmia in one animal and a steep
decline of coronary flow (both APV and TIMI flow) briefly after the infusion of 60,000 CellBeads (arrow). Reducing
the infusion rate to 1,200 CellBeads/min. increased the amount of CellBeads that could be delivered before the
APV dropped >50% from baseline. APV: average peak velocity.

Statistical analysis

The current study was designed as a pilot feasibility study, so no formal power calculations were
performed. All statistical analyses were performed post hoc using SPSS 16 statistical software (IBM,
Chicago, USA). An analysis of variance (ANOVA) was performed and a Bonferroni correction was used
for pair wise comparison between means. Data are presented as mean + SEM. P values < 0.05 were

considered significant.

RESULTS

Results of phase 1 (naive animals)

All four experiments were a procedural success and it proved to be possible to infuse CellBeads
selectively via intracoronary infusion. In the first pig, 75,000 CellBeads were administered without
any sign of ischemia or reduction of flow as depicted by APV (Figure 2; delta-APV 5/23) However, after
infusion of approximately 80,000 CellBeads several premature ventricular complexes occurred that
ultimately progressed into ventricular fibrillation and death of the animal.

In pig 2, APV gradually decreased until the infusion of 60,000 CellBeads, after which a steep decline
in APV occurred accompanied by a decrease in TIMI flow from TIMI grade Il to I. Hence, we decided
to decrease infusion rate in the remainder of the animals from 2,400 CellBeads/min. to 1,200

CellBeads/min. As a result, we found that in the remaining two animals the amount of CellBeads that
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Coronary flow reserve
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Figure 3. Coronary flow infusion in AMI pigs.
50%- TIMI 3 A. CFR remained unchanged after infusion of LR. B.

Intracoronary infusion of CellBeads did not alter CFR.
C. TIMI flow was slightly reduced in 40% of the animals
TIMI 2 TIMI 3 that received intracoronary infusion of 170 um beads,
but had recovered completely at sacrifice.

Post CellBeads At sacrifice

could be delivered before the decline in APV (defined as >50% of baseline value) and TIMI flow was
significant was higher (90,000 Cellbeads). Blood pressure remained stable in all four animals, showing
no significant acute effect of CellBead infusion on cardiac performance. After reviewing the results
of phase 1, we concluded that the maximal safe dose that can be infused in naive/non-AMI pigs is
60,000 CellBeads. Therefore, in phase 2 the feasibility of intracoronary delivery of 60,000 CellBeads
was evaluated in a pig LCX AMI model.

Results in porcine AMI model (phase 2)

Animal experiments

A total of 21 pigs were included in this phase of the study. Three animals experienced ventricular
fibrillation during infarct induction, but all animals were successfully resuscitated. Animals received
60,000 CellBeads (n=11), 60,000 control beads (n=4) or LR (n=6). No lethal ventricular arrhythmias
occurred during CellBead or control bead infusion, and all animals survived the dedicated follow-up
time.

Coronary flow reserve

In control animals, average CFR before LR infusion was 1.67 + 0.09 and 1.73 + 0.12 after LR infusion
(Figure 3A). In the pigs that received intracoronary infusion of CellBeads or control beads CFR remained
unchanged with an average CFR of 1.63 + 0.04 before infusion, and 1.70 + 0.09 afterwards (p=ns;
Figure 3B).
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TIMI flow

All pigs had normal coronary flow after the induction of the AMI, defined as TIMI grade 3 flow. Infusion
of 100 mL LR in control animals did not impede TIMI flow. Also, no effect on antegrade coronary flow
was found in 60% (9/15) of the animals that received CellBeads or control beads. However, 40% (6/15)
of the animals that received CellBeads or control beads experienced a slight reduction of coronary
flow, resulting in sluggish flow (TIMI 2) in the culprit artery after the infusion of 60,000 beads (Figure
3C). The occurrence of sluggish flow was predominant during the infusion of the final 15,000 beads, as
coronary flow remained unchanged until 45,000 of all 60,000 beads were infused.

Coronary flow returned to normal TIMI 3 flow at the day of sacrifice (day two or seven). There was
no difference in coronary flow between animals that survived two days or seven days, or between

animals that received CellBeads or control beads.

Analysis of arrhythmias
None of the animals, either control or CellBead-treated, experienced ventricular arrhythmias during

the two or seven day follow-up period.

Histology
H&E staining

H&E stained sections of all myocardial segments were examined from all animals included in phase 2.
No beads or micro-infarctions could be detected in remote myocardial segments. On the contrary, in
infarcted tissue specimens, multiple beads were detected per section, as the majority of 100-200 um
arterioles contained one or more beads. As far as we could determine with conventional histological
analysis of sections of the whole infarct area, the CellBeads were distributed equally throughout the
infarct. CellBeads in pigs that survived two days as well as in pigs that survived seven days all contained
viable MSCs, as was determined by the presence of basophilic nuclei (Figure 4B/C).

Two days after infarction, the cardiac tissue showed infiltration of predominantly neutrofilic
granulocytes and loss of cardiomyocyte viability. After seven days, a clear fibrotic response was present
with fibroblasts infiltrating the infarcted area. Also, there was a marked increase of the inflammatory

infiltrate as compared to the two day animals, which is normal seven days post-AMI.

Inflammatory infiltration surrounding CellBeads

All the beads showed a thin rim of fibrin with neutrophilic granulocytes (Figure 5A). In addition, the
beads were variably surrounded by a rim of lymphocytes and plasma cells. We noted that the control
alginate beads showed significantly more inflammatory infiltrate directly surrounding the bead when
compared to CellBeads (0.038 + 0.004 mm? vs. 0.027 + 0.004 mm?, p= 0.003; Figure 5B/C) two days
following the AMI.

At the seven day time-point, the natural healing process of the AMI caused such a background
inflammatory infiltrate that measurements of the infiltrate surrounding the beads were not reliable.

We therefore performed the analysis at the two day follow-up time-point after AMI only. Since this
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Figure 4. Photomicrograph of micro Cellbeads.

A. Light photomicrograph of a CellBead prior to infusion. The alginate shell (*) and MSC-containing core (1) can be
appreciated. B. H&E stained section of a coronary arteriole completely comprised of one CellBead, two days after
infusion. Only a thin rim of fibrin and granulocytes surrounds the CellBead (arrows). C. H&E stained section of a
coronary arteriole containing one CellBead, seven days after infusion. Only a thin rim of fibrin and granulocytes
surrounds the CellBead (arrows).

* Intact alginate; T.Mesenchymal stem cells.

inflammatory infiltrate after seven days was equally intense in the LR control animals, we considered

this as a normal phase in the healing process.

Apoptosis

Apoptosis was significantly reduced in infarct areas of animals that received CellBeads as opposed
to animals that received control beads. More specifically, in infarct tissue specimens of animals that
received control beads, on average 7.5 * 0.44 cells were apoptotic per 100 um? after two days. This
number was significantly reduced in animals that received CellBeads to 5.6 + 0.36 per 100 um? (p=
0.003; Figure 6). After seven days, the number of apoptotic cells had decreased to 3.3 + 0.41 per
100 um? in animals that received control beads as opposed to 2.3 + 0.29 per 100 um? in animals that
received CellBeads (p= 0.34).




208 | Chapter9

Figure 5. Peri-bead inflammatory infiltration after two days.

*¥

Control beads

CellBeads

A. A thin rim of neutrophilic granulocytes is evident surrounding a single CellBead (arrow). B. A more pronounced
inflammatory reaction around a control alginate bead (arrow). C. Comparison of inflammatory reaction by
measuring the surface area of the inflammatory infiltrate reveals a significant decrease in inflammatory response
to the CellBeads as compared to the control alginate beads (** p= 0.003).

Quantitative PCR analysis of infarct specimens

No expression of recombinant GLP-1 or human genes was found in the hearts of the control pigs.

However, expression of recombinant GLP-1, together with the human household gene HPRT was found

in infarct segments of animals that received GLP-1 expressing CellBeads, confirming the presence of

CellBeads in the infarcted heart that contain viable and actively transcribing human MSC. Expression

levels of recombinant human GLP-1 was comparable between specimens from animals that survived

two and seven days (Figure 7).
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Figure 6. TUNEL staining for apoptosis.

(Above) Histological section of infarct tissue two
days after the AMI, demonstrating apoptotic
cardiomyocytes (*) throughout the tissue. (Below)
Quantification of TUNEL positive cells revealed a
significant difference in the amount of apoptosis in
CellBead-treated tissue compared to controls after
two days (** p= 0.003), but not after seven days
(p=0.34).
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gPCR revealed expression of both the human
24 : : household gene (grey bar) and recombinant
GLP-1 (black bar) as compared to porcine
14 household gene (white bar) in animals that
|_| : |_| : |_| received CellBeads after two and seven days
0 : : compared to no expression in control animals.
The values of the porcine household gene was
Control 2 Days ' 7 Days arbitrarily set to one.
DISCUSSION

The current study demonstrates for the first time that it is feasible to intracoronarily infuse alginate,
MSC-containing micro-spheres in infarcted myocardium. Infusion did not permanently affect coronary
flow, resulted in precise targeting of the infarct area, and MSCs remained viable for at least seven days.
Interestingly, the inflammatory response to CellBeads was negligible in this xenogeneic transplantation
model.

We found that intracoronary infusion of significant numbers of 170 um particles did not severely
hamper coronary flow. On the contrary, CFR remained unchanged in all animals that received 60,000
CellBeads or control beads, suggesting little or no micro-vascular obstruction. And although coronary
flow as assessed by angiography was slightly decreased to sluggish flow in 40% of the animals, it
always returned to normal flow within two or seven days follow-up. This suggests that, even though
the coronary vasculature might have been partly obstructed by the beads, this obstruction was
temporary, and that alternative collateral routes were found to perfuse the inflicted myocardium.
Also, we hypothesize that infusion of limited amounts of obstructive beads into already infarcted
myocardium will not increase ischemic damage. Importantly, we did not see any pro-arrhythmic
effects of the infused beads. Although longer term follow-up is warranted to draw firm conclusions,
these data add to the safety profile.

The current approach is the first that guarantees high stem cell retention. In fact, as 170 um CellBeads
are trapped in the arteriolar tree of the myocardium and can not pass the capillary bed, retention will
approximate 100%. Because CellBeads contain ~¥80 MSCs per bead, infusion of 60,000 beads translates
to almost five million delivered MSCs that remain in the targeted area for a substantial period of
time. For reference, in cell therapy studies performed thus far, maximally 200 million bone-marrow
derived mononuclear cells were transplanted (1,21). Of these cells, 0.001-0.01% comprises MSCs (4),
rendering only 20,000 MSCs infused at the best. Retention rates of 1-10% results in negligible cell
numbers as opposed to the approach investigated in the current study.

In addition, we show that a substantial amount of the MSCs in the CellBeads remain viable and
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transcriptively active for atleast seven days. In this period of time, the MSCs secrete MSC-derived soluble
factors that have been shown to exert cardio-protective and pro-angiogenic effects (3,13,16,20,25).
Also, our cells produce therapeutic amounts of GLP-1 that has beneficial, anti-apoptotic effects on the
post-AMI heart (18,24). CellBeads are thus small factories of GLP-1 and MSC-derived factors that might
have synergistic, favorable effects on cardiac scar tissue formation and adverse remodeling.

Indeed, in our experiments, infusion of CellBeads significantly reduced apoptosis in the infarct area
after two and seven days when compared to control alginate beads. This is in line with one of the
presumed working mechanisms of GLP-1, and suggests that GLP-1 is factually secreted into the area
at risk of cardiomyocyte death following ischemia/reperfusion. The additive effect of GLP-1 remains
hypothetical though, as in this pilot study the appropriate control group (MSC that do not express GLP-
1) is lacking. However, gPCR analysis confirmed expression of recombinant GLP-1 and human genes in
porcine tissue even after seven days.

The fact that there is a significant difference in inflammatory infiltration between CellBeads and control
alginate beads is another direct validation of our paracrine hypothesis. Inmunomodulatory cytokines
like IL-6,IL-8 and IL-10 are secreted by the MSC and prevent the local acute immune reaction and
rejection against these human-derived cells. In fact, we observed significantly less immune reaction
against the CellBeads than against the biocompatible alginate control beads (9) that evoked some
foreign body response in the highly inflammatory post-AMI environment.

There are two major limitations to this study. First, the short follow-up time of at most seven days
does not rule out long-term safety issues. Second, the current study did not thoroughly investigate the
biodistribution of the CellBeads. Although we hypothesize that retention of the CellBeads in the target
area will approximate 100%, additional studies in the near future using nuclear imaging techniques
will render more definite answers to this question. This study was designed as a feasibility study
and was not aimed at investigating long-term effects and biodistribution. Nonetheless, the results
of this pilot study are promising and future studies will focus on long-term safety effects and signs
of efficacy. We are currently enrolling over 70 pigs in a large dose-finding and efficacy trial, in which
we investigate three different doses of CellBeads versus three control groups. This study will answer
questions concerning long-term safety, but also concerning the effect of CellBeads containing MSC
that do not express GLP-1 and possible adverse effects caused by the CellBeads, by increased ischemic

damage and vascular obstruction.

CONCLUSION

We show that intracoronary infusion of CellBeads is feasible and appears to be safe in a large animal
model of AMI. CellBeads were successfully targeted to the infarct area and MSC remained viable and
active for at least seven days. Also, several parameters indicate that the cells sort a paracrine effect,

highlighting the potential for cardiovascular repair of this new therapy.
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ABSTRACT

Background Engraftment and survival of stem cells in the infarcted myocardium remain problematic in
cell-based therapy for cardiovascular disease. To overcome these issues, encapsulated mesenchymal
stem cells (eMSC) were developed that were transfected to produce glucagon-like peptide-1, an
incretin hormone with known cardioprotective effects, alongside MSC endogenous paracrine factors.
This study was designed to investigate the efficacy of different doses of intracoronary infusion of eMSC
in a porcine model of acute myocardial infarction (AMI).

Methods and Results One-hundred pigs were subjected to a moderate AMI (posterolateral AMI; n=50)
or a severe AMI (anterior AMI; n=50), whereupon surviving animals (n=36 moderate, n=33 severe)
were randomized to receive either intracoronary infusion of 3 incremental doses of eMSC or Ringers’
Lactate control. Cardiac function was assessed using invasive hemodynamics, echocardiography and
histological analysis.

A trend was observed in the moderate AMI model, whereas in the severe AMI model, left ventricular
ejection fractionimproved by +9.3% (p=0.004) in the best responding eMSC group, due to a preservation
of left ventricular end-systolic volume. Arteriolar density increased 3-fold in the infarct area (8.4 + 0.9/
mm?Z in controls, versus 22.2+2.6/mm? in eMSC group; p<0.001). Although not statistically significant,
capillary density was 30% higher in the border zone (908.1+99.7/mm? in control versus 1209.0+64.6/
mm?in eMSC group; p=ns)

Conclusion Encapsulated MSC enable sustained local delivery of cardio-protective proteins to the

heart, thereby enhancing angiogenesis and preserving contractile function in an animal AMI model.

Key words: Acute myocardial infarction, stem cell therapy, mesenchymal stem cells, GLP-1,

percutaneous coronary intervention
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INTRODUCTION

Regenerative stem cell therapy to promote cardiac repair has been a target of interest in the last 10
years to prevent heart failure after an acute myocardial infarction (AMI).%? Various different stem cells
have been investigated for their ability to repair the heart.> Mesenchymal stem cells (MSC) seem to
be a potent candidate to date. The mechanism of action of MSC is primarily based on the release of
paracrine factors to the myocardium.* However, retention and survival of stem cells in the myocardium
after intracoronary infusion (IC) remains an issue in cell-based therapy, since only a limited number of
surviving stem cells remain in the myocardium, thereby limiting the potential benefit of the therapy.>”
CellBeads™, that consist of alginate-encapsulated MSC (BTG International Germany GmbH, Alzenau,
Germany), were developed to improve survival of cells in the myocardium, thereby elongating the
release of cardio-protective proteins into the infarcted myocardium. These encapsulated MSC
(eMSC) secrete endogenous paracrine factors that include vascular endothelial growth factor (VEGF),
monocyte chemotactic protein-1 (MCP-1), interleukin (IL)-6, IL-8, glial-derived neurotrophic factor
(GDNF) and neurotrophin-3 (NT-3) and are genetically modified to produce glucagon-like peptide-1
(GLP-1) fusion protein which comprises two GLP-1 molecules bound by an intervening peptide,
extending its half life in vivo..5*> Amongst its beneficial effects in type 2 diabetes, GLP-1 has anti-
apoptotic and cardio-protective properties.’** Infusion of a GLP-1 analogue, exenatide, after AMI
resulted in a reduction of infarct size, thereby improving cardiac function in a preclinical and clinical
setting.’*2° However, GLP-1 has a short half-life in vivo. Therefore infusion directly at target site or,
in case of the GLP-1 eluting eMSC, production directly on-site could render a long-term release of
GLP-1 especially due to the prolonged half-life of the GLP-1 fusion protein. Encapsulated MSC have a
diameter of 170 micron resulting in entrapment in the coronary system following IC infusion..?*?* The
alginate shell surrounding the cells allows diffusion of oxygen and nutrients through the pores of the
alginate shell into the MSC as well as diffusion of paracrine factors out of the bead. Moreover, the
alginate shell protects the MSC against a host immune respons.?!

Previously, IC infusion of up to 60,000 eMSC in naive and infarcted porcine myocardium was well
tolerated without any sign of microvascular obstruction.’ The alginate-encapsulated MSC remain
viable for at least 7 days, still secreting the recombinant GLP-1 and MSC paracrine factors.®

In this study, we aimed to explore the long term safety, feasibility, and efficacy of incremental doses
of intracoronary delivered encapsulated MSC in a moderate and severe porcine AMI model. The
primary endpoint in this study was cardiac function as assessed by echocardiography. The secondary
endpoints were cardiac contractile function as measured by PV-loop analysis, infarct size, collagen

density, capillary density, arteriole density, apoptosis and cardiomyocyte size.
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MATERIALS AND METHODS

A total of 100 female Landrace pigs (Van Beek, Lelystad, The Netherlands; 70 + 5 kg) were randomized
in this study. All animal experiments were performed according to the ‘Guide for care and the use of
laboratory animals’ and all experiments were previously approved by the institutional animal welfare
committee of the University of Utrecht, Utrecht, The Netherlands. The efficacy of IC administered
eMSC was investigated in a moderate size infarct (posterolateral AMI (LCx-model; study 1) and in the

second phase in a severe anterior AMI model (LAD-model; study 2).

Experimental design

The design of this study is summarized in figure 1. Briefly, 100 female pigs underwent an AMI (50 in
each group. Pigs that survived infarct induction (n=73; n=36 in the moderate infarct study and n=37 in
the severe AMI study), were divided into 4 groups in each study to receive either IC infusion of eMSC
or Ringers’ Lactate control solution. The safety up to one week after IC infusion of GLP-1 eMSC was
previously described.’® The safety up to 8 weeks was investigated in this study and was defined as
mortality, occurrence of ventricular arrhythmias and the occurrence of heart failure (fluid retention,
need for treatment with heart failure medication). Cardiac function was assessed by echocardiography
and pressure-volume-loop (PV-loop) analysis (in the severe anterior model only). Eight weeks after
infarct induction animals were terminated and the hearts were excised for infarct size calculations and

histological analysis.

Encapsulated Mesenchymal stem cells

The eMSCused in this study had an outer diameter of 170 um and contained 75 human MSC stably
lentivirally transfected to release a GLP-1 fusion protein, which comprises two GLP-1 molecules
bound by an intervening peptide, giving it an extended half-life in vivo (CellBeads™, BTG Germany,
Alzenau, Germany).%%!2 Animals were randomized to a treatment group 60 minutes after the onset
of ischemia. Encapsulated MSC were then thawed and dissolved in 100 ml Ringers’ Lactate (RL). A
final concentration of 200 eMSC/mL to 600 eMSC/mL, depending on the dose, or 100 ml of RL were
IC infused in 50 minutes at an infusion rate of 2 mL/min via a micro-catheter (Twin Pass catheter,
Vascular Solutions, Minneapolis, USA) that was inserted through an 8F JL4 guiding catheter through
a cannulated carotid artery. The eMSC were infused at the exact site of the previous occlusion 30
minutes after inducing reperfusion in both MI models. All solutions were color coded and administered

in a blinded fashion.

Study 1: A moderate posterolateral infarct

All pigs were prepared, anesthetized, intubated and ventilated according to a standardized protocol
described in the supplemental data section. An 8F sheath (Cordis, Miami, USA) was introduced into
the carotid artery and an angiogram of the left coronary tree was acquired using an 8F JL4 guiding

catheter (Boston scientific, Natick, USA). A posterolateral myocardial infarction was induced by
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Figure 1: Study design.

Flowchart of both studies. B: image of intracoronary infusion of encapsulated mesenchymal stem cells (eMSC) via
a micro-catheter into the target vessel. Following infusion, eMSC will be retained in the vascular bed, behaving
like micro-factories that release paracrine factors for cardiac repair. The image of the formation of a blood clot
reflects the human situation of an AMI, in the case of this study, myocardial infarction was induced by obstructing
the coronary artery with a balloon or ligature. IC indicates intracoronary; LAD: left anterior descending artery; LCX;
Left circumflex artery; PV-loop: pressure-volume loop; gPCR: quantitative polymerase chain reaction. This figure is
used with permission of BMM, Rogier Trompert Medical Art.
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inflation of an angioplasty balloon in the proximal LCx for 90 minutes (Trek, 3.5-4.0x12, Abbott, lllinois,
USA). Animals were randomized into 4 groups: 20,000 eMSC (n= 8), 40,000 eMSC (n=9), 60,000
eMSC (n=10) or RL control solution (n=9) after 60 minutes of ischemia. The Thrombolysis in myocardial
infarction (TIMI) flow in epicardial coronary arteries was registered pre-, during and post-infusion
of eMSC to rule out potential microvascular obstruction (MVO). Both antegrade flow of contrast as
well as outwash of contrast were observed. To further quantify MVO, coronary flow reserve (CFR)
was measured before and after eMSC infusion and at 8 week follow-up (FU) (ComboWire, Vulcano,
Zaventem, Belgium, see supplement). All animals received a Reveal™ event recorder for the detection
of arrhythmic events (Medtronic, Tilburg, The Netherlands). Cardiac function was assessed using
2D-echocardiography at baseline, after infarct induction and at 8 week FU. Left ventricular ejection
fraction (LVEF) and LV volumes derived from 2D-echocardiography were calculated by the modified
Simpson rule (see supplement).?? All analyses were performed by an investigator blinded for the
therapy allocation.At 8 weeks (+ 3 days) post MI, animals were anesthetized, intubated and ventilated
according to institutional protocol (see supplement). The Reveal™ event recorder was interrogated.
After assessment of cardiac function as described above, animals were terminated and the heart was

excised.

Study 2: Severe anterior AMI model

A severe anterior AMI was induced by a sternotomy and ligation of the mid LAD distal to the first
diagonal for 90 minutes using a prolene ligature. An open chest procedure was applied in this phase of
the study to reduce peri-operative mortality. Previous studies that applied a closed chest LAD occlusion
experienced a mortality rate of 40% due to VF during infarct induction, the animal welfare committee
did therefore not allow a closed chest procedure and we had to change the protocol to an open
chest procedure in which defibrillation directly on the heart was possible, thereby enhancing peri-
procedural survival. Due to the open chest procedure, epicardial 3D-echocardiography was performed
after reperfusion and animals with an LVEF higher than 45% were excluded from the study (n=4). The
remaining animals were randomized into 4 groups: 10,000 eMSC (n=6); 20,000 eMSC (n=9); 40,000
eMSC (n=8) or RL buffer as control solution (n=10). Based on the results of study 1, we decided to
infuse lower doses of eMSC in this study. A Twin pass catheter was then positioned in the target vessel
and placebo or cell solutions were administered at a fixed infusion rate of 2 mL/min. TIMI flow was
assessed before during and after infusion of eMSC or placebo solution. Three-D-echocardiography was
performed in this study at baseline, after infarct induction and at 8 week FU. Due to the anatomical
position of the porcine ribs, it is not possible to obtain clear 3D-echocardiography images in a close
chest model nor is it possible to obtain 2D-echocardiographic images directly after open chest
surgery. We therefore decided to perform 3D-echocardiography in this study at baseline, post AMI
and at 8 week FU, alongside 2D-echocardiography at baseline and 8 week FU (see supplement). A
Reveal™ recorder was implanted for the detection of arrhythmic events. At 8 weeks FU, functional
measurements were performed, whereupon the heart was excised and processed as described

above. Adding to the 2D and 3D-echocardigraphy data , PV-loop analysis was performed to obtain
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data regarding cardiac contractility at week FU in this study. The exact protocol has been described
elsewhere (supplemental methods).?

Tissue collection and infarct size analysis

At 8 weeks FU, the hearts were excised and processed for determination of infarct size and (see
supplemental data), as previously described. 24

Assessment of vascular density, collagen density and cardiomyocyte apoptosis

Paraffin embedded biopsies were sectioned into 5 um slices (see supplement). Subsequently, the slides
were stained for determination of vascular density, collagen density and cardiomyocyte apoptosis
using appropriate antibodies (see supplement) Arterioles and capillaries were expressed as number
per mm?. cardiomyocyte apoptosis was expressed as percentage apoptotic cardiomyocytes per view.
Quantitative PCR analysis of GLP-1 and human housekeeping genes

Quantitative PCR analysis was performed to quantify expression of human GLP-1 and BNP (online

supplement for detailed description).

STATISTICAL ANALYSIS

Continuous data are presented as mean + standard error of the mean (SEM). The delta represents
the difference between post AMI and 8 week FU and was first calculated for each animal individually
whereupon the average per group was calculated. Comparison of means between groups was
performed using a one-way-ANOVA, followed by Dunnett’s test to detect differences between
treatment groups and control. Changes over LVEF, LVEDV, LVESV and CFR over time were assessed
using a linear mixed effects repeated measures model. P-values < 0.05 were considered significant..
All analyses were performed using IBM SPPS Statistics 20 (Chicago, USA).

RESULTS

Study 1: Moderate Posterolateral AMI model

Mortality and arrhythmias

One animal in the control group died of VF one day after the infarct procedure. Two animals in the
60.000 group died of VF, 1 and 5 days following the infarct procedures respectively. None of the
animals needed to be treated for heart failure during follow-up and ventricular arrhythmias were not

detected by the Reveal™ event recorder during the 8 week follow-up period in both groups.

Coronary flow

Infusion of the 170 um eMSC did not visually impede antegrade coronary flow up to infusion of 60.000
eMSC since all animals exhibited TIMI 3 flow directly after infusion. Outwash of contrast was slower in
2/8 pigs in the 60.000 group and 1/9 animals in the 40.000 group but this was still within the definition
of TIMI 3.2° CFR did not change following eMSC infusion confirming that MVO did not occur to a
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significant level directly following infusion (Figure 2). Based on these results, it was decided to omit
CFR measurements in study 2. At 8 weeks follow-up, flow remained within TIMI 3 range in all groups.

CFR did not change significantly over time within the groups (figure 2).

Coronary Flow Reserve
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Figure 2: Coronary flow Reserve.
Coronary flow reserve after AMI before and after placebo or encapsulated MSC (eMSC) infusion and at 8 week FU.
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Figure 3: Cardiac function as measured by 2D-echocardiography.

A-C. Left ventricular ejection fraction (LVEF) and volumes in posterolateral AMI model over time. D-F LVEF and LV
volumes over time in the anterior AMI model. eMSC: encapsulated mesenchymal stem cells; LVEDV: left ventricular
end-diastolic volume; LVESV: left ventricular end-systolic volume; PMI: post myocardial infarct; FU: follow-up.
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Left ventricular ejection fraction and left ventricular volumes

After infarct induction, no differences were observed on LVEF between groups, indicating comparable
infarct size. At 8 weeks follow up, LVEF was a higher EF was observed in the 20,000 eMSC group
opposed to control although this did not reach statistical significance. (+6%; p=NS; Figure 3;

supplemental table 1).

Infarct size

Infarct size was only 9.6 + 1.3% in the control group opposed to 7.6 + 1.2% in the 20,000 group (p=NS).
The 40,000 and 60,000 group however, showed similar infarcts sizes as the ringer lactate control (9.1
+1.2%; 9.3 + 1.8% respectively; figure 4A)

1
20+ 20+
15+ 15
B R
104 —1= 104
5= 5
T 0 T
Control 20.000 40.000 60.000 Control 10.000 20.000 40.000
eMsC eMsC eMsC eMSC eMSC eMsC

Figure 4: Infarct size.

A: infarct size in posterolateral infarct model in different groups . B: Although not statistically significant, infarct
size in study 2 was approximately 20% in control and was reduced by 25% in the optimal dose group. eMSC:
encapsulated mesenchymal stem cell.

Vascular density, collagen density and cardiomyocyte apoptosis

Capillary density in border and remote areas was not enhanced in all groups (Supplemental table IlI,
supplemental figure 1). However arteriolar density increased by almost 200% in the infarct area in the
20,000 group, this change was not statistically significant (supplemental figure | Cand D, Supplemental
table Ill), whereas eMSC did not enhance arteriole formation in the border and remote segments.
Moreover collagen deposition and cardiomyocyte apoptosis were not affected (supplemental figure
IE-F).

Study 2: Severe Anterior AMI model

Mortality and arrhythmias

One animal in the control group died of VF one day after the infarct procedure. None of the animals
needed to be treated for heart failure during follow-up and ventricular arrhythmias were not detected
by the Reveal™ event recorder (Figure 1). Outwash of contrast was decreased (TIMI 2) in 43% of the
animals in the 40.000 group and none of the animals in the other groups directly post infusion and at
8 weeks FU.
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Improvement in left ventricular ejection fraction

In this phase of the study both 2D-echocardiography and 3D-echocardiography were applied. On
3D-echocardiography, LVEF at baseline and following infarct induction was comparable between
the groups (supplemental table |, figure 5). At 8 weeks follow up, LVEF increased by +0.2 + 1.0% in
the control group to 38.9 + 1.5%. 20,000 eMSC improved LVEF by +9.3% to 44.7 + 1.2 % (Anova:
p=0.004; Control vs 20.000 p=0.011; supplemental table I). The increase in LVEF was mainly due to a
preservation of LVESV, which decreased by -2.9 + 4.8 ml (20,000 eMSC) compared to an increase of
+18.1 + 4.5 ml in control animals (figure 5). LVEF was comparable between 2D-echocardiography and
3D-echocardiography. LV volumes were 15 ml higher when measured by 2D-echocardiography. The
same significant effect in LVEF was seen on 2D-echocardiography.
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Figure 5: 3D-echocardiography anterior infarct model.

A: Left ventricular ejection fraction (LVEF) measured by 3D-echo over time. B: Left ventricular end-diastolic volume
(LVEDV) over time. C: Left ventricular end-systolic volume (LVESV) over time. D: delta LVEF represents the absolute
difference between LVEF at 8 weeks and directly following AMI. There is a remarkable 9.3% increase in LVEF in the
20.000 group. eMSC indicates encapsulated mesenchymal stem cells. ¥*p=0.011 vs control

Cardiac contractility

End-systolic pressure volume relationship (ESPVR), which reflects systolic contractile function, was
dramatically increased by 230% in all treatment groups as opposed to control animals (6.5 + 1.3 mmHg/
ml in 20,000 eMSC group vs. 1.9 + 0.5 mmHg/ml in control; anova: p=0.03, p=0.007 vs control). No

differences were observed in other PV-loop derived parameters (figure 6, supplemental table Il).
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Figure 6: Pressure volume loop analysis of ESPVR.

A: End-systolic pressure volume relation (ESPVR) is enhanced in all encapsulated MSC (eMSC) groups. B: Actual
vena cava occlusion of a control animal (blue) and 20.000 eMSC animal. ¥*P=0.007 versus control, + P=0.03 versus
control
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Figure 7: Angiogenesis.

A-D: Trichrome stain for detection of collagen. A: In the infarct area, no significant difference towards less collagen
deposition was observed in all animals treated with encapsulated mesenchymal stem cells (eMSC; P=0.09). B:
Example of Trichrome stain infarct area. Pictures are taken at a 10 times magnification. Blue represents collagen,
pink viable myocardium. Collagen deposition is more dens in the animals in the control group opposed to animals
in the 20,000 eMSC group. C: Collagen density border area was not enhanced in treated animals s. D: Example of
Trichrome stain in border area. E-F: Arterioles were stained by smooth muscle actin stain. E: In the infarct area,
arteriole density was enhanced in treated animals (*p=0.04; +p=0.0001, =p=0.002 vs control). F: Representative
images of smooth muscle actin stain in infarct area in a control animal and in a 20,000 eMSC animal at 10 times
magnification. G-H: Capillary density G: A trend in a decreased capillary density was observed in 20.000 eMSC
group. H: Representative images of Isolectin stain in the border area of a control animal and a 20,000 eMSC animal
respectively at 20 times magnification.
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Infarct size
Although not significant, infarct size decreased by -20% in the 20,000 eMSC group (figure 4B,

supplemental table Il1).

Vascular density and collagen density

Capillary formation was not enhanced in border areas, nor increased the capillary density in remote
areas.

However, arteriolar density improved in the infarct area in all doses by +200-300% (22.2 + 2.6/mm?
versus 8.4 + 0.9/mm?; Anova: p<0.001.; figure 7; supplemental table IIl).

Collagen density was not reduced in all dose groups.

Cardiomyocyte apoptosis and hypertrophy

Cardiomyocyte apoptosis was not influenced by eMSC treatment, which might be related to the late
time point.

However, the surface area of the cardiomyocytes in the infarct border zone of animals treated with
20.000 eMSC was almost 50% lower than in control and the other dose groups (417.1 £ 110.2 um?in
20.000 group versus 823.1 + 74.0 um?in control ; p=0.009; figure 8). The same was observed in the

remote myocardial segments.
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Figure 8: Cardiomyocyte apoptosis, cardiomyocyte size and cardiomyocyte nuclear density.

A-C: Cardiomyocyte apoptosis via TUNEL stain in the border area and remote areas. C: Example of Fluorescent
TUNEL stain. Blue cells are alive, green cells are apoptotic.

D-F: Cardiomyocyte size in the border area was significantly lower in the 20.000 group (D). In the remote myocardial
segments, the surface area was lower in all animals treated with eMSC (E). This finding corresponds with an
increased nuclear density in the highest dose groups in remote areas (F). *p=0.009, +P=0.01, =p=0.006, -p= 0.0007,
**p=0.03, ++p= 0.003 versus control . eMSC indicates encapsulated mesenchymal stem cells
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Location and survival of encapsulated MSC

Encapsulated MSC were found on a regular bases in the infarct-border zone. No shedding was
macroscopically and microscopically observed to remote myocardial segments or remote organs.
Encapsulated MSC were still intact (Supplemental Figure I1l). Unfortunately, neither human
housekeeping gene GAPDH nor human GLP-1 expression could be detected by qPCR, indicating that
the MSC inside the beads do not elute paracrine factors at 8 week FU (supplemental figure 1) and are
most likely dead.

Surrounding the eMSC, a mild inflammatory response occurred . This response was comparable

between the dose groups. Cells included in this response were macrophages and granulocytes.

DISCUSSION

Inthe currentstudy, we investigated the efficacy and the optimal dose of encapsulatedimmunoprotected
MSC in a porcine model of AMI. This is the first time that the efficacy of microencapsulated MSC was
investigated for treatment of AMI. In the moderate infarct study, only a trend towards an improvement
of cardiac function was observed. In the severe infarct study, LVEF was remarkably improved following

eMSC infusion. Moreover, contractility was enhanced and neovascularization occurred.

Safety

In line with our previous results, eMSC infusion did not show side-effects in a preclinical setting.*
Previous studies suggested a reduction in TIMI flow and CFR following intracoronary infusion of
mesenchymal stem cells.®?*?7 In this study, CFR did not significantly decrease directly after infusion,
nor at 8 week FU, indicating that MVO is not significant. Studies that report MVO after infusion of
MSC, usually apply high doses , which could eventually result in obstruction. Several other preclinical
and clinical studies have shown that under carefully controlled and monitored conditions, e.g. slow
infusion rate and low cell number, infusion of MSC or MSC like stem cells or cardiospheres is well
tolerated.?*% |n the case of eMSC the same assumption could be made.

None of the animals developed heart failure during the follow-up period, nor increased the incidence
of arrhythmic events, indicating no side-effects of eMSC therapy were observed during 8 week FU

period.

Efficacy
When given IC, 20,000 alginate encapsulated MSC significantly improve LVEF after a severe AMI. In

the moderate infarction model we detected a trend, which was further explored in a more severe
AMI model. As expected, the treatment effect turned out to be more pronounced in animals with
more severe AMI, presumably due to a larger pharmacological window in the anterior model. This
corresponds with a large meta-analysis by Jeevanantham et al/ who concluded that patients with a
LVEF blow 43% benefit more from cell-based cardiac repair.! However, another meta-analysis failed
to show a more prominent treatment effect of BMMNC therapy in patients with lower LVEF.? If a

treatment effect is already noticeable in a small infarct, the benefit will be expanded in a large infarct.
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In absolute terms, IC infusion of eMSC improved LVEF by +9.3% in severe anterior AMI model. The
most effective dose in our study was 20,000 eMSC, whichequals 1.6 million MSC, and is several orders
of magnitude less than used in most preclinical trials using cultured MSC. However, eMSC are better
retained into the myocardium than unprotected stem cells culminating in prolonged protein release.
This complicates direct comparison. Infusing less than 20,000 eMSC was not effective, suggesting
that this dose is the lower limit. On the other hand, 40,000 eMSC were not superior to lower doses,
which does not necessarily preclude a dose dependent effect but could also reflect unfavorable effects
of incremental MVO undetectable by our CFR measurements or the adverse effects of a possible

xenogenic immune response which could be more severe in the high dose group.

Clinical applicability

Before possible translation of this product to a clinical treatment strategy, several issues should be
addressed in future studies. First, lentiviral transduction for cell based gene therapy remains subject
to debate since insertional mutagenesis and thus tumorgenicity might be of increased risk.> This could
influence the clinical applicability of the transduced eMSC. However, the MSC are contained by the
alginate and are unable to migrate to the host’s tissue. Furthermore, the alginate exceeds the lifespan
of the cells, with no exception observed in our study, making the risk for possible tumorgenicity rather
low, in our opinion. Second, as described in previous studies, an increased inflammatory response
around the eMSC has been detected, which can most likely be attributed to a xenogenic reaction.
Future studies should determine if this response is due to xenogenecity or a direct result of e.g. cell
death inside the alginate microsphere. If the latter is the case then this would also influence the clinical

applicability of this product since excessive inflammation is detrimental to infarct healing post-MI.3!

Working mechanism of encapsulated GLP-1 eluting MSC

Several preclinical studies showed that MSC therapy after AMI enhanced the formation of arterioles
and capillaries by a release of paracrine factors.?*** MSC inside the alginate beads also have a pro-
angiogenic effect.3® Moreover, eMSC also improved angiogenesis in a hind-limb ischemia model and in
porcine interposition grafts.'3*3 This pro-angiogenic effect might explain the observed preservation
of cardiac function.?*3*

Moreover, eMSC a trend towards reduced fibrosis and improved myocardial viability in the infarct
zone was observed, which could result in a reduction in total infarct size.*#?*3> However, this effect
was not statistically significant in our study, most likely based on limited numbers of animals. The
trend towards less fibrosis could be explained by the secretion of immunomodulatory cytokines by
MSC. IL-6 has been shown to increase the lifespan of neutrophils in the hostile post-AMI environment
and improves healing of the infarct wound.® In addition, MSC trigger the transition of classical M1 to
anti-inflammatory M2 macrophages, thereby enhancing infarct healing via increased angiogenesis.*®
Alongside pro-angiogenic factors and immunomodulatory cytokines, MSCs secrete anti-apoptotic
factors that improve cell survival.?** Additionally, eMSC in this study were transfected to secrete
recombinant GLP-1. Exenatide, a GLP-1 analogue, has shown to reduce infarct size and improve

cardiac function in a pig AMI model.™* Moreover, in 2 recent clinical trials in which exenatide was
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injected in AMI patients (TIMI 0-1 flow) before PCl, infarct size was reduced by 50%, indicating that
Exenatide prevents reperfusion mediated cell death.'>¢ As eMSC are infused within 30 minutes after
reperfusion, the effect on infarct size could be related to limitation of reperfusion damage.

Next to its anti-apoptotic effects, GLP-1 has been shown to directly improve cardiac contractility by
increasing intracellular cyclic-cAMP concentrations.’” This latter effect could be responsible for the
significant ESPVR improvement in all eMSC groups. The observed preservation in contractility could
also be explained by strengthening of the heart’s matrix by the infusion of alginate thereby preventing
LV remodeling as previously was shown.*3* However, in these studies liquid alginate was used that
diffuses through the vessel wall.®® Although eMSC cannot leave the vessel lumen, they seem to
provide structural support to the myocardium. The heart contains a population of resident cardiac
stem cells.?’ It is hypothesized that MSC can activate these stem cells in order to stimulate infarct
repair following an ischemic event. Suzuki et al concluded from a porcine study, in which MSC were
IC injected following AMI that MSC stimulate endogenous cardiac stem cells to home to the site of
injury and differentiate into cardiomyocytes.>? In addition to this, the MSC in their study differentiated
into cardiac stem cells. Moreover, cardiomyocytes were stimulated to proliferate in animals that
were treated with MSC. All these effects combined resulted in an increased cardiomyocyte nuclear
density. In our study, cardiomyocyte nuclear density is increased in border and remote areas
possibly suggesting that eMSC stimulate myocardial salvage which, in turn, results in a reduction of
compensatory hypertrophy. Myocardial salvage in this study is based on a reduction of apoptotis by
GLP-1 and most likely proliferation of adult cardiomyocytes. It was recently shown, that IL-6 secreted
by MSC-like stem cells, stimulated cardiomyocyte proliferation.** As the eMSC produce IL-6, this would
be the proposed working mechanism of cardiomyocyte proliferation in this study. Differentiation
of MSC inside the beads could not have contributed to the increased number of cardiomyocytes,
because MSC do not leave their shell. Activation of endogenous stem cells also remains a proposed
mechanism of action. As was shown by Suzuki et al and Houtgraaf et al activation of resident cardiac
stem cells is not detectable after 6 weeks following transplantation, the c-kit stain was omitted from
current protocol.?*3? Moreover, cardiomyocyte proliferation could be not detected at 8 week FU in a

previous study that used MSC.?* Therefore ki-67 stain was not executed.

Study limitations

Despite our best efforts, this study has some limitations. First, cardiac function was not assessed
by golden-standard cardiac MRI. However, echocardiographic measurements have shown excellent
correlations with MRI. We are therefore confident that our findings would be corroborated by MRI.*
In the two sub-studies we used slightly different protocols. In the more severe anterolateral model we
used an open chest procedure to minimize high peri-procedural mortality following mid LAD occlusion.
The advantage of this open chest procedure enabled us to use epicardial 3D-echocardiography
alongside transthoracic 2D-echocardiography in the anterior model. Although the two methods
have shown to be in good concordance with one another, values should not be directly compared.
Therefore, the 2 methods were both shown in the second phase. 44

Second, In this study we did not observe an increased MVO, as assessed by CFR, after eMSC infusion.
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However, variability in heart rate and arterial blood pressure might interfere with reliable CFR
measurement. Since we did not do CFR measurements under atrial pacing, these parameters might
have varied in the present study, thereby possibly influence the sensitivity of the CFR measurements.
Third, we did not include all possible controls including eMSC not transduced to produce GLP-1, empty
beads or MSC only. This decision was based on our previous pilot data where we found beneficial
effects on apoptosis and inflammatory response of eMSC opposed to empty alginate beads without
MSC. Moreover, in a proof of concept study by Wright et al., IC infusion of macro-eMSC resulted in
preserved LVEF and reduced infarct size when compared to empty alginate beads without cells and
encapsulated human MSC that were not transduced to express GLP-1. ! Since both the animal model
and the eMSC preparation differed in this study, no firm conclusion can be drawn on the superiority
of GLP-1 eluting eMSC used in the current study compared to non-transduced eMSC. Furthermore,
a side by side comparison between eMSC and MSC would have been very interesting. However, in
this phase of the study, we decided that we first wanted to evaluate the efficacy of this new product
before we performed a side-by-side comparison. Moreover, we did not know the optimal eMSC dose.
If we would like to compare the efficacy of eMSC end MSC, the amount of MSC should be comparable
between the groups. Here, the MSC are derived from humans. This makes sense as we aimed to test
the efficacy of the clinical product. Further research is needed to test whether allogeneic encapsulated
mesenchymal stem cells are equal or even have a superior effect. As the GLP-1 analogue produced by
the eMSC consists of a GLP-1 fusion protein with a short half-life, a direct comparison with native GLP-
1 or GLP-1 analogues with prolonged half-life would be difficult to interpret.

There is no sign of degradation of the encapsulated MSC at 8 weeks FU. More research is needed to

investigate how and when the encapsulated MSC are degraded.

CONCLUSIONS

IC infusion of encapsulated GLP-1 eluting MSC resulted in a preserved LVEF in a porcine AMI model
and is well tolerated up to 8 weeks FU. Infusion of eMSC improves cardiac function by preservation
of end-systolic volume and cardiac contractility. Encapsulated MSC are able to prevent cardiomyocyte
hypertrophy, enhance adaptive neovascularization, thereby limiting left ventricular remodeling.
Importantly, encapsulated MSC are an interesting platform that enables sustained paracrine delivery

of MSC proteins and recombinant proteins to the damaged myocardium.
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DETAILED MATERIAL AND METHODS

Medication and Anesthesia

All animals were pre-medicated starting ten days prior to infarct induction with dual anti-platelet
therapy ((acetylsalicylic Acid: 300 mg loading followed by 80 mg qd (Centrafarm, Etten-Leur, The
Netherlands) and clopidogrel 75 mg qd(Sanofi-Aventis, Paris, France)) and anti-arrhythmic therapy
(amiodarone, loading dose of 1200 mg followed by 800 mg qd; Sanofi-Aventis, Paris, France). Dual
antiplatelet and anti-arrhythmic therapy was continued during follow up.

General anesthesia was induced with 0.4 mg/ kg midazolam (Actavis, Zug, Switzerland), 10 mg/kg
ketamine (Narketan,Vétoquinol, Lure Cedex, France) and 1 mg of Atropine (Pharmachemie BV., The
Netherlands) and maintained with intravenous infusion of midazolam 0.5 mg/kg/h, sufentanil 2.5 ug/
kg/h (Janssen-Cilag B.V., Tilburg, The Netherlands) and pancuronium 0.1 mg/kg/h (Inresa, Battenheim,
Germany). Upon infarct induction and Cellbead infusion, all animals were therapeutically heparinized
with 2 doses of 5000 IE (Leo pharma, Ballerup, Denmark) IV and received intravenous infusion of
eptifibatide (bolus of 180 pg/kg and 2 pg/kg/min (GlaxoSmithKline BV, Zeist, The Netherlands).

A fentanyl plaster 25 pg/h (Janssen-Cilag B.V., Tilburg, The Netherlands) was applied before and after
the first procedure for analgesia. The animals were treated with one doses of Augmentin intravenously
(1000/100 mg, Sandoz, Holzkirchen, Denmark) before the infarct procedure.

All animals in received meloxacam 2 times 0.5 mg/kg daily (Produlab-Pharma B.V. Raamsdonksveer,

The Netherlands) for two days after index procedure for additional analgesia.

Coronary flow

In the first study, coronary flow was assessed after myocardial infarct,after the complete infusion
of eMSC and 8 weeks following infusion by coronary flow reserve measurements (CFR). Every
25cc infusion was stopped and TIMI flow was assessed according to the TIMI criteria.! During CFR

measurements, Average peak velocity (APV; cm/sec) was assessed in normal conditions after AMI and
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during maximum vasodilation following injection of 140 mcg/kg/min adenosine IV. Peak APV was

assessed and CFR was calculated.

Echocardiography

Two-dimensional grey scale images at a frame rate of 60-90 frames/s were obtained in parasternal
position using a Philips iE33 (Phillips, Einhoven, The Netherlands), equipped with a broadband S5-1
transducer. Transthoracic echocardiographs were acquired at baseline, post myocardial infarct and
eight weeks follow-up in the posterolateral infarct model and at baseline and 8 week FU in the anterior
infarct model. A long axis view and three levels of short axis view (basal, mid ventricular and apical
levels) were obtained by acquiring three successive cardiac cycles.

Echocardiographic data was transferred to and analyzed using Image Arena 4.1 (Tomtec Imaging
Systems, Uterschleissheim, Germany). This analysis was performed by an investigator blinded for the
treatment groups. Regional left ventricular function was assessed by measuring the change in LV cavity
area (fractional area change) during systole and diastole at basal (mitral valve level), mid ventricular
(papillary muscle level) and apical level. Left ventricular volumes were then calculated by the modified
Simpson rule: LV end diastolic volume (LVEDV)= (A ;) * L/3 + (AmED+ApED)/2) *L/3 + 1/3(Apm) *L/3; LV
end systolic volume (LVESV)= (A ) * L/3 + (AmEs+ApES)/2) *1/3 + 1/3(APES) *L/3, in which A is the area
at basal level, whereas A_ and Ap are the areas at mid and apical level respectively.? L is defined as
the length of the ventricle from apex to base. The length was obtained of 4 chamber view 3D echo in
severe AMI study at baseline and follow-up. In the LCx study, the length of the ventricle in the long
axis view was used. LVEF was calculated following standardized formula: ((LVEDV-LVESV)/LVEDV)*100.

3D-echocardiography

In study 2, epicardial 3D-echocardiographs were acquired with X-3 transducer using the iE33 ultrasound
machine (Philips, Eindhoven, The Netherlands). The 3D-transducer (X-3, Philips, Eindhoven, The
Netherlands) was wrapped in a sterile sleeve. A pocket of gel was positioned under the transducer, to
bring the complete apex a vu. The transducer was positioned directly epicardially on the apex of the
heart. We positioned the transducer in all animals in the same direction so we obtained a 4 chamber
view. The depth and sector size were adjusted to fit the complete ventricle. In each pig, the data sets
were acquired in real time using 7 consecutive cardiac cycles (full volume analysis).

The images were offline analyzed using QlLab 10.1 (3DQ advanced) analysis software. The tracing of
the ventricle was perfomed by semi-automatic border detection as described before by Soliman and
coworkers. 3 Briefly, LV quantification starts by proper 4-chamber view and orthogonal views. The end-
diastolic volume and end-systolic frames are identified and on both frames and the apex, anterior,
lateral, inferior and septal mitral annulus is identified. Qlab 10.1 automatically traces the endocardial
border. Traces that are unsatisfactory can be manually adjusted. The ejection fraction is calculated by
the Qlab software as (LVEDV-LVESV)/LVEDV*100.




236 | Chapter10

PV-loop measurement and analysis

In the severe infarct model, a 7F tetrapolar admittance catheter (7.0 VSL Pigtail, no lumen, Transonic,
Scisence, London, Canada) was introduced in the left ventricle via the aortic valve, and the pigtail tip of
the catheter was positioned in the apex. This catheter measures admittance magnitude and phase in
combination with pressure. The catheter exists of 7 electrodes, that divide itinto 4 segments. The largest
segment that was positioned into the LV was used for the measurements. The catheter was connected
to the ADVantage sytem (Transonic, Scisence, London, Canada) for real-time data assessment.*® PV
loop measurements were performed at eight weeks follow up. To obtain data regarding contractility,
a caval vein occlusion was performed. The thorax was opened, the inferior vena cava was located
whereupon a prolene suture was placed around it. During breath hold, the inferior caval vein was
occluded by the suture until pressure drop was >50%. The suture was released and blood flow to the
heart was restored. In this study, contractility parameters and relaxation parameters were used in
the analysis. LVEF and LV-volumes were assessed by 2D-echocardiography and 3D-echocardiography.
Systolic PV-loop-derived parameters that were assessed and analysed in current study were: dP/dt max
(maximum increase in pressure/s), end-systolic-pressure-volume-relationship (ESPVR), pre-recruitable
stroke work (PRSW). Diastolic parameters that were determined were: Tau (an isovolumic relaxance
constance), dP/dt min (maximum relaxation over time), end-diastolic pressure volume relationship
(EDPVR).

Tissue collection and infarct size calculations.

At 8 weeks follow-up, the left ventricle was separated from the right ventricle and sliced into 5-6
slices of approximately 1 cm thickness. Slices were incubated in 1% triphenyltetrazolium chloride
(Sigma-Aldrich Chemicals, Zwijndrecht, the Netherlands) in 37°C 0.9%NacCl for 15 min to discriminate
infarct tissue from viable myocardium followed by inspection for the presence of potential ectopic
micro-infarctions in non-infarcted segments. Slices were weighed and photographed for infarct size
calculations as described before *%. Biopsies of infarct area, border zone and remote areas were
obtained and embedded in paraffin for further histological analysis. Additional biopsies were snap
frozen for RNA retrieval and qPCR analysis. The liver, spleen, lungs and kidneys were excised and
macroscopically analyzed for abnormalities, whereupon multiple random biopsies were taken to
exclude shedding of eMSC to remote organs. Biopsies were embedded in paraffin, cut and stained
with Hematoxilin and Eosin and microscopically evaluated to a technician blinded for the allocated

therapy and evaluated regarding the occurrence of eMSC in remote organs.

Immuno-histochemical stainings

Collagen content, cardiomyocyte size and myocardial salvage index

Collagen content in infarct, border and remote myocardial segments was assessed via trichrome stain.
Briefly, all sections were deparaffinised, fixated in Buoin’s fixative (Sigma-Aldreich, St. Louis, USA) at
562 for 15 minutes, Nuclei were stained with haematoxylin for 3 minutes. The slides were submerged

in Trichrome-AB solution for 5 minutes after which they were treated with 0.5% acetic acid for 1
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minute. Slides were mounted with Entallan (Merck, Darmstadt, Germany). Three random pictures
were made at a 10X magnification and collagen content was calculated as percentage collagen of total
surface area using automated analysis software (Clemex, Quebec, Canada).

To calculate cardiomyocyte size, 3 random pictures of all slides of the border area and remote area
were obtained at 40X magnification. The surface area was determined by the automated analysis

software. Only transversely cut cardiomyocytes containing a nucleus were analysed.

Capillary and arteriole density

Arteriole density was obtained in infarct, border and remote myocardial segments, using alpha
smooth muscle actin (SMA, clone 1a4, Sigma-Aldreich, St Louis, USA). Endogenous peroxidase activity
was blocked by 3% Methanol/H,O, solution for 30% and incubated with SMA 1:1000 overnight.
Subsequently, the slides were incubated with secondary HRP-conjugated goat-anti-mouse dilution
1:200 (DAKO, Glostrup, Denmark) for 90%. All slides were immersed in DAB solution for 2 minutes
(DAKO, Glostrup, Denmark) and mounted with Entallan. A technician that was blinded for the dose
groups took 3 random pictures at 10 times magnification. Arterioles per pictures were counted and
expressed as number per mm?2,

Capillary density was only assessed in border en remote areas, because almost all capillaries are
destroyed after AMI. All sections were dewaxed and pre-treated with trypsin EDTA (Lonza, Verviers,
Belgium). Endogenous peroxidase activity was blocked as described above. All slides were incubated
with lIsolectin B, (Bandeiraea simplicifolia Isolectin B,, Dako, Glostrup, Germany) diluted 1/50
overnight. After that the slides were immersed in DAB solution at mounted with Entallan. Photographs

were taken at 20X magnification and number per mm? was calculated.

Apoptosis

Apoptosis was quantified in all regions using In-Situ cell detection kit-FITC labelled (second study)
or In-situ cell detection kit-HRP labelled (first study) (Roche, Basel, Swiss). The manufacturer’s
instructions were followed. After mounting with Vectashield with DAPI, 3 random photographs at 40X
magnification were made, using un Olympus IX55 fluorescence microscope and number of apoptotic

cells were counted. Apoptosis is depicted as percentage of apoptotic cells.

Quantitative PCR

The expression of human household genes, GLP-1 and BNP as markers for hypertrophy were
investigated using qPCR analysis. RNA was isolated from snap frozen biopsies of infarct area, border
zone and remote myocardial using RNA-Bee™ RNA Isolation Solvent (Tel-Test Inc., Friendswood, USA)
according to the manufacturer’s protocol. CDNA was created using Bio-Rad iScript™ cDNA Synthesis
Kit (Bio-Rad, Veenendaal, The Netherlands), according to the manufacturer’s instructions. The primers
that were investigated can be found in the table below. gPCR was performed using SensiMix™SYBR &
Fluorescein Kit (Bioline, Boston, USA) and expression was detected by Bio-Rad MyiQ System Software

of MyiQ™ Optical Module. The threshold cycle (Ct) values from interested genes were normalized to
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porcine Beta Actin expression(housekeeping gene) or human GAPDH (GLP-1).

Primers for gPCR
Porcine housekeeping gene

B actin forward AAGAGCTACGAGCTGCCCGAC

B actin reverse GTGTTGGCGTAGAGGTCCTTC

Human housekeeping gene

GAPDH forward GCTCATTTCCTGGTATGACAAC

GAPDH reverse GAGGGTCTCTCTCTTCCTCTT

Recombinant GLP-1

CM-2 forward GTGAGCTCTTATCTGGAAGGCC

CM-2 reverse AGATAAGAGCTCACATCGCTGG

BNP

BNP forward GCAGCAGCCTCTATCCTCTC

BNP reverse TCCTGTATCCCTGGCAGTTC
RESULTS

Brain Natriuretic Peptide (BNP) analysis

Blood was sampled at baseline and at 8 week follow up. The clinical chemical laboratory of University
medical center in Utrecht and in Rotterdam, both tried to measure BNP levels using an ELISA.
Unfortunately, this was not successful, therefore BNP levels were detected using qPCR analysis. There
were no differences in gPCR levels of BNP between groups.

Necropsy

There were no signs of anatomical malformations by macroscopic analysis of the heart, liver, spleen,
lungs and kidneys. There were no signs of macro-infarcts in remote areas of the heart.

Left ventricular weight

No differences were observed regarding left ventricular weight at 8 week follow-up in all groups in
both studies.
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Supplemental figure I: Histology study I: moderate infarct model
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A-B: Collagen density in infarct and border area in the first phase of the study. C: Arteriole density increased in
infarct area in all dose groups opposed to control. D: Capillary density. E-F: Cardiomyocyte apoptosis in border and
remote segments respectively. eMSC indicates encapsulated mesenchymal stem cells
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Supplemental table I: Volumes and ejection fraction assessed by 2D and 3D echocardiography.

Intermediate infarct

2D-echo Control 20.000 CB 40.000 CB 60.000 CB P -value ANOVA
LVEF Baseline 51.2+0.6 52.0+0.2 52.7+0.6 56.3+0.5 NS
LVEDV Baseline 102.2+1.0 90.7+0.7 101.5+2.2 90.2+0.8 NS
LVESV Baseline 50.0% 1.0 435+0.4 48.4+1.5 39.4+0.5 NS
LVEF PMI 43.7+0.8 42.6+0.4 42.1+0.3 43.6+0.7 NS
LVEDV PMI 105.2+1.4 100.3+2.0 1119+1.1 95.4+1.0 NS
LVESV PMI 59.3+1.2 59.0+1.0 55.7+1.0 55.7+1.0 NS
LVEF 8W FU 42.6+0.8 47.5+0.7 46.0+0.8 47.3+1.0 0.09
LVEDV 8W FU 123.4+3.5 116.1+1.4 122.0+2.7 109.2+2.3 0.08
LVESV 8W FU 70.8+2.2 612+14 69.5+2.2 55.5+2.1 0.09

Severe infarct

2D-echo Control 10.000 CB 20.000 CB 40.000 CB P-value ANOVA
LVEF Baseline 52.8+2.6 54.6+3.5 55.5 +1.7 51.7 £33 NS
LVEDV Baseline 97.4 £2.4 93.9 +4.7 91.3 45 939 3.3 NS
LVESV Baseline 40.6+ 5.3 43.6+ 3.9 40.8+ 2.8 45.0+ 34 NS

LVEF 8W FU 40.6 £2.0 447 2.4 48.1 £0.9 47.1 £2.8 0.04
LVEDV 8W FU 123.8 +3.7 125.2 +3.5 112.5 +3.8 118.5+8.6 NS
LVESV 8W FU 703+ 34 70.4+ 3.8 58.6+ 3.0 61.8+ 8.3 NS
3D-echo Control 10.000 CB 20.000 CB 40.000 CB P-value ANOVA
LVEF Baseline 57.6+1.0 585+1.8 58.4+1.0 55.8+1.4 NS
LVEDV Baseline 93.1+3.4 87.7+7.9 84.6+6.7 86.5+4.1 NS
LVESV Baseline 39.7+1.2 36.3+2.5 35.1+3.0 38.1+15 NS

LVEF PMI 389+1.1 41915 353+1.2 399+13 NS
LVEDV PMI 83.4+5.5 819+4.1 81.8+4.5 71.8+2.9 NS
LVESV PMI 51.0+3.6 47.0+2.6 52.0+2.7 432+24 NS

LVEF 8W FU 389+15 41.6+1.7 44.7+1.2 423+2.1 0.032
LVEDV 8W FU 108.1+6.4 116.4+£5.8 89.2+7.1 99.2+13.1 NS
LVESV 8W FU 65.4+3.2 68.0+4.1 49.5+4.2 589+8.9 0.03
Delta LVEF 0.2+1.0 0.6+0.9 93+16 3,5+5,1 0.004
Delta LVEDV 309+8.2 389+8.1 6.4+7.5 21.9+113 NS

Delta LVESV 18.1+4.5 20.8+3.9 29+4.38 12.8+7.7 NS

Supplemental table | represents echocardiographic derived volumes and ejection fraction. 2D-echocardiographic
volumes are calculated by the modified Simpson method in both studies and 3D-echocardiography in study 2.
P-values are corrected using a post-hoc Bonferroni correction. LCx indicates left circumflex artery;; LVEF: left
ventricular ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-systolic
volume; PMI: post myocardial infarct; 8W FU: eight week follow-up; LAD: left anterior descending artery; delta:
indicates the absolute difference between post myocardial infarct measurement and 8 week FU. eMSC indicated
encapsulated MSC
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Parameter Study 2: severe Infarct

Systolic Parameters measure Control 10.000 eMSC  20.000 eMSC  40.000 eMSC P-value
dP/dt + 8 week FU mmHg/s 974.6 £+161.7 1417.1+113.2 1071.4+135.3 1226.4+136.2 NS
ESPVR 8 week FU mmHg/mL 1.9+ 0.5 52+1.0 6.5+1.3 52+17 0.03
PRSW 8 week FU mmHg 59.7 £10.2 7241132 56.7+7.8 51.2+17.7 NS
Diastolic Parameters

Tau 8 week FU ms 68.8+5.8 55.0+4.0 679+6.8 47.7+2.1 NS
dP/dt - 8 week FU mmHg/s -624.2 +129.7 -1051 + 82.8 -6345+94.3 -851.0+66.8 NS
EDPVR Baseline mmHg/ml 0.184 +0.07 0.027 £0.015 0.0168 +0.028 0.02 +0.003 NS

Supplemental table SlIl represents some admittance derived parameters. End-systolic pressure volume relationship
(ESPVR) is significantly better in all animals indicating a preserved contractility. PRSW indicates; pre-recruitable
stroke work. EDPVR: end-diastolic pressure volume relationship.
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Supplemental table Ill. Histological analysis

Study 1: Moderate infarct

parameter measure Control 20,000 eMSC 40,000 eMSC 60,000 eMSC P- value
Infarct size % 9613 7.6+1.2 9.1+1.2 93+1.8 NS

Collagen density

Infarct % collagen 62.6+7.6 59.1+7.8 71.5+5.0 69.6 £5.0 NS
Border % collagen 34+06 44+1.1 3.5+0.7 2.8+0.6 NS
Remote % collagen 2.0+£0.3 1.4+0.2 1.8+0.3 1.7+0.5 NS

Arteriole density

Infarct arterioles/mm? 12.8+1.1 22.7+2.9 20.8+3.4 17.3+1.8 NS
Border arterioles/mm? 14.7+1.5 18.3+3.3 16.7+1.5 142+1.3 NS
Remote arterioles/mm? 10.1+0.9 10.4+25 11.2+1.7 9.6+2.3 NS
Capillary density

Border capillaries/mm? 855.5+83.7 992.0+147.4 889.3+128.9 966.7 +145.2 NS
Remote capillaries/mm? 1131+ 196.2 890.7 + 142.6 1ff2604i 1157.0+£196.5 NS
Cardiomyocyte

apoptosis

Border % apoptosis/view 7.0+£0.7 5.2+0.9 55+04 42+0.5 NS
Remote % apoptosis/view 5.4+0.6 3.7+0.5 45+0.9 3.9+0.7 NS

Study 2: Severe infarct

Control 10.000 eMSC 20.000 eMSC 40.000 eMSC P-value

Infarct size % 20.5+1.4 16.7£ 0.2 NS
Collagen density

Infarct % collagen 95.1+2.1 76.1+8.7 78.2+6.2 72.6 £9.0 0.09
Border % collagen 9.2+3.1 47+1.3 3.2+13 52+16 0.04
Remote % collagen 7.6%26 25+0.7 3.2+0.6 1.8+0.9 0.05
Arteriole density

Infarct arterioles/mm? 8.4+0.9 15.5+ 4.4 222+2.6 15.4+0.6 0.004
Border arterioles/mm? 6.6+0.4 6.0+0.4 97+1.4 7.2+21 NS
Remote arterioles/mm? 3.8+0.5 42+03 57+1.1 3.7+0.8 NS
Capillary density

Border capillaries/mm? 908.1 £99.6 1066.0 £ 152.0 1209+64.6 951.3+181.5 NS

+
Remote capillaries/mm? 1113;;%' 899.8+76.8 1232.0+130.9 837.3+137.5 NS

Cardiomyocyte apoptosis
Border % apoptotis/view 7520 3.7+15 24+0.7 5.0+33 NS
Remote % apoptotis/view 4.8 +0.9 1.9+1.0 40 +15 48+1.8 NS

Supplemental table lll. Overview of histological analysis. NS indicates not significant. eMSC: encapsulated
mesenchymal stem cells
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ABSTRACT

Background Novel therapies need to be evaluated in a relevant large animal model that mimics the
clinical course and treatment in a reasonable time frame. To reliably assess therapeutic efficacy,
knowledge regarding the translational model and the course of disease is needed.

Methods Landrace pigs were subjected to a transient occlusion of the proximal left circumflex artery
(LCx), (n=6) or mid left anterior descending artery (LAD), (n=6) for 150 min. Cardiac function was
evaluated before by 2D-echocardiography or 3D-echocardiography and pressure-volume loop analysis.
At 12 weeks follow-up the heart was excised for histological analysis and infarct size calculations.
Results Directly following AMI, LVEF was severely reduced compared to baseline in the LAD group
(-17.1+ 1.6%, p=0.009) compared to only a moderate reduction in the LCx group (-5.9+ 1.5 %, p=0.02)
and this effect remained unchanged during 12 week follow-up.

Conclusion Two models of chronic Ml, representative for different patient groups, can reproducibly be

created through clinically relevant ischemia-reperfusion of the mid-LAD and proximal LCx.
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INTRODUCTION

The treatment of patients suffering from myocardial infarction (Ml) is aimed at the preservation of
cardiac function. Most treatment regimens directly target pathways that limit infarct size or reduce
adverse remodeling, thereby preventing progression into heart failure (HF).} To fully determine the
possible effect of such therapies, thorough testing in clinically relevant animal models is needed.**
Since large animal models enable clinical treatment regimens, delivery route and identical function-
related measurements, they are considered to withhold greater translational value than small animal
models and are therefore superior for efficacy testing.t°

Importantly, due to optimized logistical and diagnostic health care, the complaint-to-needle-time has
decreased considerably in the western world.** This has resulted in a large proportion of patients with
a relatively preserved left ventricular function after MI.? These patients could, however, still benefit
from therapy that further confines the amount of damage directly post-Ml. To test the efficacy of such
therapies, an animal model that closely resembles the clinical course of disease in a mildly damaged
heart is mandatory. At the same time, therapy optimization has also resulted in an increased incidence
of HF, since patients survive with severely deteriorated cardiac function.®® This patient group would
greatly benefit from therapy that improves cardiac function. For this purpose, an animal model that
closely resembles the progression into HF after Ml in patients with a severely damaged heart is needed.
To create both a moderate and a severe model of chronic myocardial infarction that resemble these
different patient-groups, ischemia can be induced in several ways. This includes permanent ligation,
progressing occlusion by placement of ameroid constrictors, a bottleneck stent model, coiling or
infusion of ethanol in the target coronary artery.**® However, most of these models do not mimic
current clinical reality, where most patients are revascularized within relatively short time after
occlusion. Since revascularization of the target vessel remains the cornerstone treatment in Ml
patients, animal models have to simulate this situation. Even more so since myocardial wound healing
and other molecular mechanisms are substantially different after revascularization compared to those
during persistent ischemia.'®® Moreover, the chronic coronary occlusion precludes intracoronary
infusions, the easiest and fastest technique for myocardial delivery of therapeutics. Hence, models of
ischemia/reperfusion, in which coronary flow is restored after an ischemic period, seem most suited
to validate novel therapies for the treatment of MI.

In most ischemia/reperfusion models, the left anterior descending artery (LAD) is occluded, which
is associated with a high mortality rate during infarct induction and reperfusion due to ventricular
fibrillation (VF). #2* As an alternative for LAD occlusion, the left circumflex artery (LCx) can be
occluded. The LCx is responsible for approximately 20% of the blood supply to the left ventricle and
an occlusion-reperfusion model of this artery may result in a lower mortality rate.* However, it is
not fully elucidated to what extent animals that are subjected to LCx ischemia-reperfusion develop
cardiac dysfunction during long term follow-up. Moreover, no thorough sequential investigation of
cardiac (dys)function and ventricular dilatation has been performed in either model to the best of
our knowledge. Therefore, this study was designed to investigate the long-term effect of myocardial

infarction on cardiac function in two clinically relevant large animal models of MI: a severe mid-LAD
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ischemia-reperfusion and a moderate proximal LCx ischemia-reperfusion model. In the present study
we investigated the course of both global and regional cardiac function decay in the two models

combined with mortality, infarct size and histological analysis.

Objectives

To determine the long-term course of cardiac function in a moderate LCx and a severe LAD ischemia-
reperfusion model for future validation of novel therapeutic strategies. We hypothesized that LAD
ischemia-reperfusion will result in fast development of cardiac dysfunction representing a good
model for severely affected patients with cardiac dilatation and signs of heart failure. Secondly,
we hypothesized that the LCx ischemia-reperfusion model leads to a moderately affected heart
representing a large patient group that has been adequately revascularized after an initial ischemic

event but could still benefit from additional therapy.

MATERIAL AND METHODS

All procedures were approved by the local animal welfare committee of the University of Utrecht
(Utrecht, The Netherlands; Permit number 2011.11.04.068). A total of 12 female specific pathogen free
(SPF) landrace pigs were included (65.1 + 1.0 kg; Van Beek, Lelystad, The Netherlands). The pigs were
housed in the experimental animal facility at the University of Utrecht (Utrecht, The Netherlands) in
a group prior to procedure and individually after the AMI (to prevent hostile behavior after infarct
procedure). The animals were checked by a veterinarian upon arrival at the facility and daily scored
by a bio-technician and once a week by a veterinarian during follow-up. Six animals were randomized
to undergo ischemia-reperfusion of the LCx and 6 animals were randomized to undergo LAD ischemia

reperfusion (Figure 1).

12 female
Landrace pigs

6 pigs Balloon 6 pigs trénsient
occlussion LCx ligation
LAD

PV-loop at BL and 12 week FU

2D-echocardiography: BL, PMI, 4w, 6w, 8w and 12 w FU
3D-echocardiography: BL, PMI (LAD) and 12 week FU
Troponin | 6h after infarct

Reveal event recorder

At 12 week FU:
sacrifice, excision heart
Histology (capillary, arteriole density, collagen density

Figure 1. Study design.
a; example of balloon occlusion of the left circumflex artery (LCx). b; Example of ligation of the left anterior
descending artery (LAD). BL: Baseline before infarct induction; PMI: post myocardial infarct, w: week
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Medical treatment before infarct induction

All animals received dual anti-platelet therapy (Acetyl Salicylic Acid 80 mg/d: Ratiopharm, Haarlem,
The Netherlands; clopidogrel 75 mg/d: Apothecon, Barneveld, The Netherlands) and anti-arrhythmic
drugs (Amiodarone, 1200 mg loading dose, 800 mg qd; Sanofi-Aventis, Paris, France) starting 10 days

prior to infarct induction up until sacrifice at 12 weeks FU,.

Anesthesia protocol

General anesthesia was induced with an intramuscular injection of 0.5 mg/ kg midazolam (Actavis,
Zug, Switzerland), 10 mg/kg ketamine (Narketan,Vétoquinol, Lure Cedex, France) and 1 mg of Atropine
(Pharmachemie BV, The Netherlands) and maintained with intravenous infusion of midazolam 0.5
mg/kg/h, sufentanil 2.5 pg/kg/h (Janssen-Cilag B.V, Tilburg, The Netherlands) and pancuronium 0.1
mg/kg/h (Inresa, Battenheim, Germany). Upon infarct induction, all animals were therapeutically
heparinized with 2 doses of 5000 IE (Leo pharma, Ballerup, Denmark). All pigs received a Fentanyl
patch (25mg, Janssen-Cilag,Tilburg Netherlands) and meloxacam (Boehringer-Ingelheim, Alkmaar, The
Netherlands) 0.5 mg/kg/d, as post-surgery analgesia .

Infarct procedure

Animals were randomized before the start of the procedure via sealed envelopes. Cardiac function at
baseline was quantified by 2D-echocardiography and pressure-volume (PV)-loop analysis. Blood was
sampled before AMI and 6 hours after for Troponin | analysis. All animals received a Reveal™ event
recorder (Medtronic, Tilburg, The Netherlands).

Balloon occlusion of the LCx

An 8F sheath was inserted in the carotid artery and an 8F guiding catheter (JL 3.5-4.0, Boston Scientific
Nederland B.V., Nieuwegein, The Netherlands) was positioned at the ostium of the left main coronary
artery. An angioplasty balloon (Trek 3,5-4,0 x12, Abbott) was inflated (8-14 bar) for 150 min in the
proximal LCx (figure 1). After balloon inflation, the guiding catheter was carefully retracted to enable
normal blood flow through the non-occluded part of the left coronary system. Position was verified
every 15 minutes to ensure appropriate occlusion of the LCx. After the procedure catheters were

removed and the wound was closed.

Open chest ligation of the LAD

An antero-septal myocardial infarct was induced during an open chest procedure in order to reduce
peri-procedural mortality due to VF. The thorax was opened via sternotomy. The infarct was induced
by a transient ligation of the mid LAD after the first diagonal for 150 min. All pigs subjected to LAD

ischemia-reperfusion underwent a 3D epicardial echocardiography before and after infarct induction.

Follow-up

During the 12 week FU, a 2D-echocardiography was performed at 4 and 8 weeks FU under induction
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medication as described above. Twelve weeks after infarctinduction the animals were anesthetized, and
2D and 3D epicardial echocardiography were performed followed by invasive PV-loop measurements.
The animals were sacrificed and the hearts were excised for infarct size determination and histological

analyses.

Echocardiography

Echocardiography was performed using a Phillips iE33 echocardiography machine (Phillips, Eindhoven,
The Netherlands). 2D images were obtained of the parasternal long axis and parasternal short axis
at basal, mid-ventricular and apical level. The 2D echo was repeated after infarct induction in the
animals with LCx infarction. This was not possible in the LAD group because of fluid and air in the chest
after open chest procedure. Additionally, a 3D epicardial echocardiogram was performed in the LAD
ischemia reperfusion before and after myocardial infarction as previously described.?? In both groups,
animals underwent additional 2D-echocardiography at 4 and 8 weeks following infarct induction,
using a mild sedation of Midazolam, ketamine and atropine as described earlier. At sacrifice, both
animals in the LCx and LAD group underwent transthoracic 2D and an epicardial 3D echocardiography.
Images were analyzed using Velocity Vector Imaging (VVI, Siemens Medical solutions, USA). The end-
diastolic and end-systolic volumes were calculated by the modified Simpson rule (LV end diastolic
volume (LVEDV)= (A ) * L/3 + (AmED+ApED)/2) *L/3+ 1/3(APED) * 1/3; LV end systolic volume (LVESV)=
(A *L/3+ (AmES+ApES)/2) *L/3+1/3(A ) * L/3, in which A_is the area at basal level, whereas A_and
A are the areas at mid and apical level respectively and L is the length of the ventricle) 2. LVEF was
calculated by: ((LVEDV-LVESV)/LVEDV)*100.

3D-echocardiographs were analyzed offline using Qlab 10.1 software (Phillips, Eindhoven, The

PES

Netherlands) as described before . One full volume analysis was used and the end diastolic frame
was selected. Markers were placed at the base of anterior, posterior, inferior, lateral side and at the
apex. The left ventricle was automatically traced by the software. All frames were checked for correct

tracing and manually corrected if needed. The same was repeated for the end systolic phase.

Strain analysis

Strain is defined as the total deformation of the myocardium during 1 cardiac cycle ?>%.Radial and
circumferential strain were analyzed on the 2D-echocardopgraphy short axis views via speckle tracking
(VVI, Siemens Medical solutions, USA) as previously described.? Strain was analyzed according to the
17-segment echocardiography model. Figure 2 provides a schematic overview of the radial strain
and circumferential strain and the 17-segment echocardiography model. In the LAD model anterior
and antero-septal segments were analyzed, whereas the inferior and infero-lateral segments were
used as reference segments in this group. In the LCx group, inferior and inferio-lateral segments were
mostly affected and anterior segments were used as reference segments. Moreover, global strain was

calculated by the software. Strain is represented as percentage of left ventricular deformation.
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A. Strain Radial strain B. Basal level

Circumferential strain

O

Lo

C. Mid ventricular level D. Apical level

Figure 2: Schematic overview of Strain and 17-segment echocardiography model.

a; schematic overview of strain analysis. Radial strain represents thickening (systole, arrows outwards) and thinning
(diastole, arrows facing each other) of the myocardium during 1 cardiac cycle. Circumferential strain: elongation
and shortening (arrows facing each other) of myocardial muscle fibers. b; schematic overview of myocardial
segments on short axis view at basal level (mitral valve level). A indicates anterior wall; AL: antero-lateral wall; IL:
infero-lateral; I: inferior; IS: infero-septal; AS; antero-septal. C: Schematic overview of short axis view of myocardial
segments at mid-ventricular level (papillary muscle). D: Schematic view of the apex. The apex only consists of 4
segments. L indicates lateral wall.

Pressure volume loop analysis

A 7F conductance catheter (CD Leycom, Zoetermeer, The Netherlands) was placed under fluoroscopic
guidance in the apex of the left ventricle as previously described ?’. Pressure Volume loops (PV
loops) were assessed during apnea to avoid pressure/volume changes due to mechanical ventilation.
Calibration was performed as previously described 5. PV-loops were performed to obtain data of
systolic indices (End-systolic pressure, stroke volume, end systolic pressure volume relations, stroke
work, dP/dt max, prerecruitable stroke work), and diastolic indices (end diastolic pressure, tau, dP/
dt min and end diastolic pressure volume relations). Analyses were performed using Conduct NT

analyses software version 16.1 (CD Leycom, Zoetermeer, The Netherlands).

Troponin | levels
Troponin | levels were quantified using a standardized ELISA protocol of the Clinical chemistry

laboratory of the University of Utrecht

Infarct size calculations and histological analysis
After the heart was excised, the atria were removed and the ventricles were cut into 5 slices of
approximately 1 cm thickness. The heart was stained using 5% Tetrazolium chloride solution for 10-

15 minutes at 372. The slices were photographed and infarct size was calculated using automatic
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computer assisted image analysis software (Clemex, Quebec, Canada) as described before 2. Infarct
size was calculated as percentage of the total LV area.

Biopsies were taken from the infarct area, the infarct border zone and the remote myocardial segments
followed by embedding into paraffin for further light microscopical analysis. Collagen content in
infarct, border and remote myocardial segments was assessed by trichrome stain. Briefly, all sections
were deparaffinised, fixed in Buoin’s fixative (Sigma-Aldrich, St. Louis, USA) at 562 for 15 minutes,
Nuclei were stained with haematoxylin for 3 minutes. The slides were submerged in Trichrome-AB
solution for 5 minutes after which they were treated with 0.5% acetic acid for 1 minute. Slides were
mounted with Entallan (Merck, Darmstadt, Germany). Three random pictures were made at a 10X
magnification and collagen content was calculated as percentage collagen of total surface area using
automated analysis software (Clemex, Quebec, Canada).

Arteriole density was quantified in infarct, border and remote myocardial segments, using alpha
smooth muscle actin immunohistochemistry analysis (SMA, clone 1a4, Sigma-Aldrich, St Louis, USA).
Endogenous peroxidase activity was blocked by 3% methanol/H,O, solution for 30% and incubated
with SMA 1:1000 overnight. Subsequently, the slides were incubated with secondary HRP-conjugated
goat anti-mouse antibody dilution 1:200 (DAKO, Glostrup, Denmark) for 90%. All slides were immersed
in DAB solution for 2 minutes (DAKO, Glostrup, Denmark) and mounted with Entallan. A technician
that was blinded for group allocation took 3 random pictures at 10 times magnification. Arterioles per
field of view were counted and expressed as number per view.

Capillary density was only assessed in border en remote areas, because almost all capillaries are
destroyed after AMI. All sections were deparaffinised and pre-treated with trypsin EDTA (Lonza,
Verviers, Belgium). Endogenous peroxidase activity was blocked as described above. All slides were
incubated with Isolectin B, (Bandeiraea simplicifolia Isolectin B, Dako, Glostrup, Denmark diluted
1/50) overnight. Subsequently, the slides were immersed in DAB solution and mounted with Entallan.

Photographs were taken at 20X magnification and number of capillaries per mm? was calculated.

Statistical analysis

All data were analyzed using SPSS Statistics 20 (IBM statistics, Chicago, USA). All data are presented as
mean + SEM. Comparisons between groups at a single time point (histology, infarct size, comparison
of 12 week FU data) were analyzed using Student’s t-tests or Mann Whitney U tests. For sequential
data, a two-way repeated measures ANOVA was applied. Correlations were analyzed by the Pearson’s

correlation coefficient. P<0.05 was considered statistically significant.

RESULTS

Mortality and safety

All animals that underwent LCx occlusion survived initial infarct induction (100%) compared to 5/6
animals in the LAD group (83 %; p=NS). This animal died of ventricular fibrillation during infarct
induction, resistant to defibrillation. Fifty percent of the animals in the LCx group needed defibrillation

during infarct induction with an average of 7.8 times, as compared to 5/6 animals in the LAD group



Moderate and severe model of chronic MI | 255

with an average of 12.2 times defibrillation. During the 12 week FU period, none of the animals died
or were treated for heart failure. No ventricular arrhythmias were recorded on the Reveal™ detector
during the 12 weeks FU.

Cardiac function by echocardiography

Both LVEF and LV volumes before infarct induction were comparable between the LCx and LAD group.
Post-AMI LVEF decreased with 5.9% to 50.8+1.6 % (p=0.03) in the LCx group and with 17.1% to an
average of 39.4+1.6% in the LAD group (p=0.009). Following AMI, LVESV increased with 5.6+ 2.0
mL (p=NS) in the LCx group and with 17.846.7 mL (p=0.01) in the LAD group (figure 3). There was
no significant change in LVEDV following infarct induction in either of the groups. Table 1 depicts all

cardiac dimensions in both groups.

Table 1. Echocardiography data.

Echocardigraphy LCx p-value to LAD p-value p-value
BL * to BL* between groups#

LVEF Baseline 56.7+2.0 56.4+1.5 NS
LVEDV Baseline 80.8+6.6 68.3£3.7 NS
LVESV Baseline 353 +43 30.1+4.0 NS
LVEF PMI 50.8+1.6 0.03 39416 0.009 0.02
LVEDV PMI 83.7+43 NS 79.2+5.8 NS NS
LVESV PMI 409+1.1 NS 479+3.7 0.01 0.09
LVEF 4 weeks 486+ 1.0 0.02 40.3+0.7 <0.001 0.04
LVEDV 4 weeks 88.6+4.4 NS 96.5+4.3 0.01 0.06
LVESV 4 weeks 455+2.0 0.07 57.7+28 0.01 0.03
LVEF 8 weeks 514+1.0 NS 39.9+1.0 <0.001 0.04
LVEDV 8 weeks 95.8+5.9 NS 97.4 +7.8 0.06 NS
LVESV 8 weeks 46.5+3.4 0.06 58.5+5.0 0.01 0.07
LVEF 12 weeks 49.3+0.8 0.06 41.7+15 <0.001 0.004
LVEDV 12 weeks 914+49 NS 104.1+5.7 0.02 0.03
LVESV 12 weeks 46.0+2.4 0.06 60.7+4.1 <0.001 0.04

Table 1 represents all data and p-values for echocardiography. The post myocardial infarct values of the LAD study
are measured with 3D echocardiography. LCx indicates left circumflex artery; LAD: left anterior descending artery.
LVEF: left ventricular ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular end-
systolic volume. BL: baseline before infarct, PMI: post myocardial infarct. * repeated measures Anova (values
compared to baseline), # student’s t-test.

At 12 weeks FU, 2D-echocardiography revealed a decreased LVEF of 7.9% to 49.3+0.8% (p=0.06) in
the LCx group whereas LVEF of the LAD group declined with 14.7% to 41.7+1.5 % (p <0.001). LVESV
increased non-significantly in the LCx group with 10.7mL to 46.0+2.4 mL (p=0.06), where the LAD
group did show a significant increase of 30.6 mL to 60.7+4.1 mL (p<0.00,1). No significant dilatation
as measured by LVEDV was seen in the LCx group (+10.4mL to 91.4+4.9 mL, p=0.09). LVEDV in pigs

subjected to LAD occlusion, however, was significantly increased during follow-up (+35.8mL to
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104.145.7 mL, p= 0.02). At 12 weeks FU, 3D-echocardiography confirmed the 2D-echocardiography
measurements (figure 3). In the LCx group, LVEF was 50.0£2.4% as opposed to 39.2+1.9% in the LAD
group. LVEDV in the LCx group at 12 weeks FU was 98.5+2.9 mL as compared to 126.1+3.5 mL in the

LAD group.
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Figure 3. Echocardiography.

a-c: LVEF and LV volumes on echocardiography over time. a: Left ventricular ejection fraction (LVEF) over time.
b: Left ventricular end-diastolic volume (LVEDV) over time. c: Left ventricular end-systolic volume (LVESV) over
time. d-f: 3D-echocardiography at 12 week FU. d: LVEF; e: LVEDV and; f: LVESV at 12 weeks FU as measured by
3D-echocardiography. LCx indicates left circumflex artery; LAD: left anterior descending artery.*P<0.05

Radial and circumferential strain

Decreased strain indicates deteriorated contractile function of the myocardium. In the LCx group, no
changes in radial strain were observed in the infarcted inferior segment (figure 4).

For the LAD-group, radial strain was significantly attenuated in the anterior segment of the apex during
FU and kept progressively declining (42.8+4.8% at baseline and 5.627.7% at 12 week FU; p=0.008;
figure 4). In this group, total apical radial strain at 12 week FU also decreased to 20.0+4.5% opposed
to 45.1+4.1% at baseline (p=0.04). The total ventricular strain at 12 week FU was significantly lower in
this group at 12 week FU (48.6+2.0% at baseline and 30.1+3.8 % at follow-up; p=0.03. These findings
corroborate with the LVEF echocardiography data. Circumferential strain was significantly reduced
in the LAD group in the apex and at mid-ventricular level of the heart throughout the 12 week FU

compared to baseline (figure 4).
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A-f: Radial strain anterior and inferior segments. a-b: Radial strain apex, inferior and anterior segments per group.
Strain in the anterior section of the LAD study is significantly lower during follow-up than at baseline. C-d: Radial
strain mid ventricular level, inferior and anterior segments per group. E-f: Radial strain basal level, inferior and
anterior segments per group. G-j: Circumferential strain. g: Apical circumferential strain over time; h: Circular strain
at mid ventricular level over time. i; Circumferential strain at basal level over time. j; Total ventricular circumferential
strain over time. LCx indicates left circumflex artery; LAD: left anterior descending artery; BL: baseline. *p<0.05

within the LAD group.
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PV-loop analysis, Infarct size, Troponin and Histology

Invasive real-time PV-loop analysis was also performed at baseline and 12 weeks FU. dP/dt — (relaxation
of the ventricle) and ESPVR (derivative of contractility) were significantly decreased in the LAD group
but not in the LCx group (figure 5). Indices of diastolic dysfunction, Tau and tPFR (time to peak filling
rate) and systolic indices tPER (time to peak ejection rate) increased in both groups. Troponin | levels 6
hours after infarct induction in the LCx group were lower than in the LAD group (358.6 + 79.9 ug/L vs.
560.0 + 79.9 ug/L, P=0.02; figure 5). Post AMI decrease in cardiac function and Troponin levels 6 hours
after infarct correlated significantly (R=-.763; P=0.028). The average infarct size in the LAD group was
significantly higher than in the LCx group (23.4 + 2.1% in the LAD group versus 9.5 * 1.7% in the LCx
group, figure 5).
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Figure 5. Pressure-Volume loop analysis, troponin | and infarcts size.

A-e: Pressure-volume loop analysis. a; End-systolic pressure (ESP) is significantly lower at follow-up in the LAD
group; b: Time to peak ejection rate (tPER); C: Time to peak filling rate (tPFR); d: Tau: Relaxation constant; e:
Increase in pressure over time (dP/dt +). F: Troponin | levels 6 hours after myocardial infarction are higher in the
LAD group. g-1; Infarct size. g: example of infarct by left circumflex artery infarct (LCx) ischemia- reperfusion model.
Viable myocardium is red, infarct is depicted in white(arrow); h: Infarct size in left anterior descending artery (LAD)
group is significantly higher; i: example of an LAD infarct. LCx indicates left circumflex artery; LAD: left descending
anterior artery; BL: baseline; FU: follow-up. *P<0.05

There were no differences in collagen density, capillary density and arteriole density in all myocardial
segments (figure 6; table 2). A trend towards an increase in arteriole density was observed in the LAD

group (p=0.09)



Table 2. Histological analysis
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Parameter measure LCx LAD P-value
Collagen density infarct area % 89.2+4.0 89.2+4.2 NS
Collagen density border area % 51+1.5 55+1.3 NS
Collagen density remote area % 44+1.1 3.0+0.7 NS
Arteriole density infarct area arterioles/view 11.2+1.5 10.1+1.9 NS
Arteriole density border area arterioles/view 51+1.1 9.2+14 NS
Arteriole density remote area arterioles/view 3.5+0.5 5.4+09 NS
Capillary density border area capillaries/mm? 713.9+74.3 714.4 £ 85.5 NS
Capillary density remote area capillaries/mm? 470.5 +48.0 376.4+37.9 NS

Overview of histological parameters. NS indicates not significantly different between de groups.
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Figure 6. Histology.

A-H: There were no statistical differences on histological parameters in both groups. LCx indicates left circumflex
artery; LAD: left descending anterior artery. P=NS
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DISCUSSION

The potential effects of novel therapeutics that confine the damage after Ml depend on the severity
of the ischemic event.®> To determine which patient group (e.g. moderately or severely affected
patients) benefits most from such therapeutics, their efficacy has to be tested in large animal models
that resemble the clinical course and severity as closely as possible.*®?' Therefore, the current
study investigated cardiac function over time in two clinically relevant porcine models of ischemia-
reperfusion: a severe LAD and a moderate LCx ischemia-reperfusion model. Here, we demonstrated
that occlusion of 150 minutes of the LAD resulted in overt deterioration of cardiac function and
progressive cardiac dilatation. Therefore, this model is most suitable for testing therapeutics that
focus on the prevention of adverse remodeling post-Ml in severely affected patients. On the other
hand, occlusion of the LCx resulted in limited effects on cardiac contractility and dilatation, resembling
the clinical course of adequately revascularized Ml patients with only limited cardiac damage. Thus,
this model can be used to test compounds that reduce infarct size directly post-Ml but is less suitable
for prevention of adverse remodeling.

As hypothesized, the two models showed a marked difference in response to ischemia-reperfusion.
First, in the LCx model none of the animals died which was, most likely, based on fewer episodes of VF.
Presumably this is due to the involvement of the septum in the infarct area in the LAD model combined
with a smaller area at risk after occlusion of the LCx. This difference in the area at risk also resulted in a
large difference in infarct size, which was approximately 23% of the LV in the LAD model compared to
10% in the LCx model. In turn, the larger infarct size in the LAD model resulted in a profound decrease
in LVEF culminating in adverse remodeling and cardiac dilatation. The decrease in LVEF occurred to a
lesser extent in the LCx group and this did not result in any cardiac dilatation post-Ml. In concordance
with the functional echocardiography data, myocardial strain was decreased in the affected myocardial
segments in the LAD group, whereas strain was preserved in the affected segments in the LCx group.
To the best of our knowledge, this is the first study that has studied myocardial strain when comparing
different MI models and these findings show that the two models are not only different regarding the
global cardiac function but also differ on a regional contractile level. Despite the significant differences
in systolic function in the LAD group, no differences between the groups were observed regarding
diastolic dysfunction. In both studies, diastolic dysfunction worsened relative to baseline measures,
which suggests that these measurements are very robust and are not directly influenced by infarct size
or dilatation in the current study.

In a previous study of Suzuki in which the mid-LAD was occluded for 60 minutes followed by
reperfusion, a comparable mortality (16%) and decrease in cardiac function was observed following
infarct induction.’® However, in that study LVEF decreased transiently and recovered significantly at
14 days and 28 days follow-up to 47%. This is most likely due to the occlusion time. A 60-minute
occlusion period presumably leads to reversible cell damage, with a large fraction of myocardial
stunning/hibernation that is known to resolve spontaneously within days to weeks.*® In our study,
LVEF did not recover during FU after the initial decrease post-Ml in either model. In the LAD model this

simultaneously occurred with increased LVESV and LVEDV, suggesting progression into heart failure.
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This provides a larger therapeutic window for experimental therapies that target adverse remodeling
and prevent cardiac dilatation in this model compared to spontaneously recovering models. The
same holds true for the LCx model. Again, therapeutic efficacy is easier to test in a model in which
outcome is not affected by confounding factors such as spontaneous recovery that may exceed and
hence mask the therapeutic effect. Importantly, our findings in both the LAD model and the LCx model
on cardiac function and infarct size correspond with chronic myocardial ischemia models.*>*® This
indicates that 150 minute occlusion followed by reperfusion results in the same amount of myocardial
damage but more closely resembles the clinical course and treatment of MI. Moreover, in our models,
intracoronary therapy to limit myocardial damage is still possible.

Despite our best efforts, the study has some limitations. First, we assessed cardiac function by
2D-echocardiography during follow-up and obtained 3D echocardiogram directly post-Ml (LAD-model
only) and at sacrifice (both models). Due to the anatomical position of porcine ribs, it is not possible
to obtain a transthoracic 4 chamber view that would be needed for 3D- echocardiography. Although
cardiac MRl is considered the gold standard for cardiac function and volumes, due to logistic reasons,
it was not feasible to obtain sequential cardiac MRI data in our study. We are confident that our
echocardiography data are reproducible and depict the true cardiac function following both ischemia-
reperfusion models. Second, in one group we performed a closed chest balloon occlusion model
and in the other group an open chest model was applied. The latter was chosen in order to be able
to perform epicardial defibrillation in the LAD model to improve survival in the LAD model. Since
the study was not designed to directly compare these two models, a similar infarct induction was,
however, not essential.

To conclude, the current study showed that it is feasible to create two very distinctive models of
chronic myocardial infarction to test novel therapeutics post-Ml for the possible treatment of different
patient groups. Reperfusion after 150 min ischemia of the LAD leads to severe cardiac dysfunction
and the development of heart failure over a limited period of time, whereas ischemia-reperfusion
of the LCx culminates in stable, moderate cardiac dysfunction. Since these models closely resemble
the clinical course and treatment of Ml and enable intracoronary therapy administration, they are
preferable to models with persistent coronary occlusion. This study adds to refinement of preclinical
studies which hopefully will result in improved translational medicine and a reduction of animals

needed in preclinical research.
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ABSTRACT

Objective The aim of this study was to validate admittance based pressure volume (PV) loop
measurements for the assessment of cardiac function in a porcine model of chronic myocardial
infarction.

Background The traditional PV-loop measurement technique requires hypertonic saline injections
for parallel conductance correction prior to signal conversion into volume. Furthermore, it assumes
a linear relationship between conductance and volume. More recently, an admittance based
technique has been developed, which continuously measures parallel conductance and uses a non-
linear equation for volume calculation. This technique has not yet been evaluated in a large animal
myocardial ischemia model.

Methods Eleven pigs underwent invasive PV measurements with the admittance system (AS) and
the traditional conductance system (CS) followed by 3D-echocardiography (3DE). After baseline
measurements, pigs were subjected to 90 minute left anterior descending artery occlusion followed
by the same measurements at 8 weeks follow-up.

Results In the healthy heart, the AS showed good agreement with 3DE for LV volumes and a reasonable
correlation for ejection fraction (EF) (R=0.756, p=0.007). At follow-up, an increase in end systolic
volume (ESV) was observed with 3DE (+15.4+14.4mL, p=0.005) and the AS (+34.6+36.1mL, p=0.010). EF
measured with 3DE (-13.2+5.2%, p<0.001) and the AS (-20.3+11.2%, p<0.001) significantly decreased.
Conclusion The AS can be used to quantitatively monitor the cardiac function changes induced by
myocardial infarction and provides comparable results as 3DE, rendering it a useful tool for functional

testing in large animal cardiac models.
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INTRODUCTION

Functional cardiac parameters are considered the gold standard to evaluate therapeutic efficacy
in experimental and clinical cardiovascular studies. Hence, means for reliable cardiac function
measurementare essential to assess efficacy of compounds that reduce myocardial ischemia/reperfusion
injury or modulate post-infarct remodeling. Several techniques are available for left ventricular (LV)
function assessment, predominantly using LV volumes as a surrogate of cardiac function. This includes
Magnetic Resonance Imaging (MRI) and echocardiography. MRI is considered to be the most precise
technique to measure LV volumes, but it remains expensive, time consuming and does not allow intra-
ventricular pressure measurements for real time pressure-volume relation calculations. The latter also
holds true for echocardiography, which provides only limited information on fundamental aspects of
ventricular contraction and relies on the use of geometric assumptions. *= Invasive Pressure Volume
(PV) measurements (PV-loops) combine real time pressure and ventricular volume measurements to
determine pressure volume relationships. This provides researchers with more detailed information
about systolic and diastolic function that is unique for cardiac assessment with PV studies. **®

To accurately determine these myocardial characteristics, a precise estimation of LV volumes is needed.
The classical PV systems determine LV volumes by converting measured conductance signals to volume
after correcting for parallel conductance by hypertonic saline injection. ’° Recently, a new technique
has been designed to render hypertonic saline calibration unnecessary. #1>*2 This admittance system
(AS) continuously measures the phase angle to determine myocardial conductance during the cardiac
cycle. Since myocardial (parallel) conductance is continuously measured, the effects of ventricular wall
movement on the relative contribution of myocardial conductance to total (measured) conductance
can be taken into account. Traditional systems do not allow correction for wall movement since early
studies suggested that parallel conductance does not vary throughout the cardiac cycle. ® However,
increasing evidence emerges that the attribution of parallel conductance does vary, especially in the
diseased heart. This theoretically leads to overestimating or underestimating conductance during
diastole or systole respectively, affecting ventricular volume calculation.>** Another key difference
between the classical conductance and the novel admittance technique is the conversion of the
measured signals into volumes. While traditional systems assume a constant, linear relationship
between conductance and volume using Baan’s equation’, the AS is based on a continuous nonlinear

relationship, incorporated into Wei’s equation. 4

Though the AS was validated in small animal models*>**, data from large animal studies are scarce.
Recently, the admittance technique was tested in the healthy porcine heart, where it showed good
agreement with transesophageal three-dimensional echocardiography.'® However, the animals used
in that study were only half the weight of average humans (34.4kg) and accordingly had smaller LV
volumes compared to humans. 3 Moreover, future use in experimental and clinical studies requires
thorough testing of the system’s ability to discriminate between normal and diminished cardiac

function. In the current study, we investigated this by comparing admittance based PV-loops with a
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classical conductance system (CS) results and 3-dimensional echocardiography (3DE) as a reference
standard. The latter is a well-established technique for the assessment of LV volumes that has recently
been proven to correlate very well with MRI and thermodilution, the gold standards for LV volume

assessment, 131718

MATERIALS AND METHODS

All animal experiments were approved by the institutional animal welfare committee and were
executed conforming to the ‘Guide for the Care and Use of Laboratory Animals’.

A total of 11 female landrace pigs were used in this study. Pigs (body weight 73.1+5.3 kg) were
subjected to left ventricular invasive measurements with both the CS and AS, followed by epicardial
3DE in the healthy heart. After these measurements, pigs were subjected to myocardial infarction

followed by invasive PV measurements and 3DE 8 weeks later.

Pressure volume loop measurements in the naive myocardium

Animals were anesthetized with 10 mg/kg ketamine, 0.4 mg/kg midazolam and 0.5 mg/kg atropine.
Anesthesia was maintained with 0.5 mg/kg/h midazolam, 2.5 pg/kg/h sufentanyl and 0.1 mg/kg/h
pancuronium. Pre- and post-operatively, animals received a fentanyl patch (25u/h) and post-operatively
a single injection 2mg/kg meloxacam. Venous and arterial access was obtained by placement of a 7F
sheath in the jugular vein and an 8F sheath in the carotid artery after the blood vessels were surgically
exposed. The thorax was opened via medial sternotomy and a snare around the inferior vena cava for
preload reduction was placed. A conductance catheter was inserted into the left ventricle through
the sheath in the carotid artery (CD Leycom, Zoetermeer, the Netherlands). A 6F catheter was placed
in the pulmonary artery through the sheath in the jugular vein for hypertonic saline injections. After
data acquisition, the PV catheter was removed and the admittance catheter was inserted (Transonic
Scisense, London, Canada). After removal of the admittance catheter, epicardial 3DE was performed.

All catheters were placed under fluoroscopic guidance.

Infarct induction and PV measurements in the diseased heart

Directly following baseline measurements, pigs were subjected to myocardial infarction (Ml). The
heart was exposed by opening the pericardium. This was followed by placement of a ligature around
the left anterior descending (LAD) artery just distal from the origin of the first diagonal artery. The LAD
was subsequently closed for 90 minutes. After reopening the vessel and observation for approximately
3 hours, the sternum was closed and the animals were weaned from anesthesia. If any cardiac
arrhythmias occurred during the procedure, animals were epicardially defibrillated with 5-20 Joules.
Eight weeks after infarct induction, pigs were again anesthetized and measurements were performed
as described above after lateral sternotomy due to the presence of adhesions of the heart to the
sternum after primary surgery. After these measurements pigs were sacrificed by rapid bleeding and

the heart was excised for the determination of infarct size.
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Conductance Technique

A 7F conductance catheter (CA-71103-PL, CD Leycom, Zoetermeer, The Netherlands) was connected
to the Sigma acquisition system (CD Leycom, Zoetermeer, The Netherlands). After ex vivo calibration,
the catheter was placed in the left ventricle via a sheath in the carotid artery under fluoroscopic
guidance. On average, 5 conductance segments were positioned in the left ventricle depending on
the size of the heart. After insertion, baseline recordings were obtained during apnea at a rate of 250
samples/second. To correctly determine absolute LV volumes, 5 mL of 10%NaCL was directly injected
into the pulmonary artery. Injections were repeated three times per animal each during simultaneous
beat recording and apnea. Cardiac output required for data analyses was derived from the stroke
volume (SV) measured by 3DE. Blood resistivity was assumed to be constant in all animals (150 Q*cm).
Subsequently, preload was reduced by temporary inferior caval vein occlusion during apnea. End
systolic pressure volume relations (ESPVR) were derived from the recorded beats during vena cava
occlusion that were performed three times per animal. All recordings were analyzed offline using

Conductance NT 16 Software (CD Leycom, Zoetermeer, The Netherlands).

Admittance technique

For the admittance based technique, a 7F tetra-polar catheter (7.0 VSL Pigtail/no lumen, Transonic
Scisense, London, Canada) was used that measures admittance magnitude and phase in combination
with pressure. It contains 7 platinum electrodes dividing it into 4 selectable segments. The largest
segment inside the LV was used for absolute volume assessment. The catheter was connected to
the ADVantage system ™ (Transonic SciSense, London, Canada) linked to a multi-channel acquisition
system (Iworx 404), required for real-time data acquisition. Again, the catheter was inserted via the
sheath in the carotid artery under fluoroscopic guidance. After insertion, the admittance catheter
measures blood and parallel conductance separating both based on phase angle with a rate of 200
samples/second. A baseline scan was performed to determine the end diastolic and end systolic
blood conductance required for absolute volume calculations. The external stroke volume (SV) that
is required for analyses was derived from echocardiographic measurements. Blood resistivity was
assumed to be constant in all animals (150 Q*cm). Baseline PV measurements and caval occlusions
were performed under apnea as described above. Data were analyzed offline using lworx analysis
software (Labscribe V2.0).

Three-dimensional echocardiography

3DE was performed in all animals using a Philips iE33 machine with an X3-1 transducer (Philips,
Eindhoven, The Netherlands). The 3D-transducer (X-3, Philips, The Netherlands) was wrapped in a
sterile sleeve. A pocket of gel was positioned under the transducer, to bring the complete apex in
view. The transducer, together with the gel pocket, was positioned directly epicardially on the apex
of the heart. The depth and sector size were adjusted to fit the complete ventricle. All data sets were
acquired in real time using 7 consecutive cardiac cycles (full volume analysis).

The images were analyzed offline using QLab 10.1 (3DQ advanced) analysis software. The tracing of

the ventricle was performed by semi-automatic border detection as described before. *° Briefly, end-
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diastolic and end-systolic frames are identified and on both frames the apex, anterior, lateral, inferior
and septal mitral annulus are identified. The endocardial border is automatically traced. Ejection
fraction is calculated by the Qlab software as (EDV-ESV)/ EDV*100 (figure 1a).

Infarct size

After the animals were sacrificed, the hearts were excised. The LV was then cut into 5 equal slices
from apex to base and incubated in 1% triphenyltetrazolium chloride (Sigma-Aldrich Chemicals,
Zwijndrecht, the Netherlands) in 37°C 0.9%NaCL for 15 min to discriminate infarct tissue from viable

myocardium in 10/11 animals.

Statistical Analysis

All data are expressed as mean * standard deviation unless mentioned otherwise. Both,
echocardiographic data and PV measurements were separately analyzed by two different researchers
blinded to the outcome of the other technique. PV-Loop specific data (e.g. ESPVR, ESP, HR) were
compared using a paired Student’s t-test after log transformation in SPSS 20.0. End diastolic volume
(EDV), end systolic volume (ESV) and ejection fraction (EF) at baseline and follow-up measured by the
three methods were compared using a two-factor repeated analysis of variance (ANOVA). Baseline
LV volumes for the AS and CS were separately compared with 3DE measurements using a paired
Student’s t-test. For follow-up measurements, a paired t-test was performed including infarct size as
a covariate for EF. Follow-up and baseline measurements of the same system were compared using
a paired Student’s t-test for EDV, ESV and EF. Delta EDV, ESV and EF between baseline and follow-
up were compared among the different systems using a repeated measures ANOVA. Correlations at
baseline and follow-up were tested using Pearson’s correlation test. The limits of agreement (1.96*SD
= 95% confidence interval) of both PV systems compared to 3DE were determined by Bland-Altman
analysis. A two-tailed F test was used to compare the size of the limits of agreement of the AS and the
CS. All statistical analyses were performed in SPSS statistics version 20.0. A two-sided P-value of <0.05

was regarded statistically significant in all analyses.

RESULTS

LV volumes at baseline and follow-up were measured in 11 pigs with good quality of measurements
(figure 1). There were no significant differences in heart rate and pressures between measurements,
indicating that measurements were performed during steady state (table 1). At follow-up, the AS’
ESPVR slope showed a non-significant increase, accompanied by a significant rightward shift of V,
(+55%52, p=0.013) (figure 1b, table 1).

After absolute volume calibration, EDV, ESV and EF were measured by the two systems. Both, baseline
and follow-up data were compared with 3D-echocardiographic findings by two-factor repeated
measures ANOVA. There was a significant interaction between method (3DE, AS, CS) and time point
(baseline, follow-up) for EDV (p=0.036) and ESV (p=0.007) and a trend towards an interaction for EF
(p=0.062) indicating that cardiac volume assessment across the two time points differed for the three
methods (table 2).
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Table 1. Cardiac parameters measured in vivo in the healthy porcine heart using the AS and CS.

Cardiac Parameters AS Baseline CS Baseline AS Follow-up CS Follow-up
Heart Rate (bpm) 58+15 62415 63+12 61+10
ESP (mmHg) 117.8£21.5 110.8+23.1 92.9+23.2 89.1+18.0
EDP (mmHg) 10.5+£3.2 11.7+6.5 8.6£3.9 10.4+4.5
ESPVR (slope) 2.5612.43 2.3441.27 3.63+4.87 3.05£2.50
\'A -21+20 -21+61 34452* -14423

All values are presented as means + standard deviations. ESPVR — End Systolic Pressure Volume Relationship. *
Significant difference vs. baseline AS. Differences with p-value <0.05 were regarded significant.
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Figure 1. Methods of LV volume assessment

LV volumes were determined by 3 different modalities. A. End diastolic and end systolic LV volume assessment with
subsequent calculations of EF at baseline (upper half) and at follow-up (lower half). B. Admittance based pressure
volume loops at baseline (red) with preload reduction in the healthy heart (green) and after myocardial infarction
(blue). The lines depicted represent the ESPVR. Note that the slope of the ESPR at follow-up compared to baseline
hardly changes while a shift of V, can be observed. C. Conductance based pressure volume loops with preload
reduction in the healthy heart (green) and after myocardial infarction (blue).

In the naive myocardium, none of these parameters differed between admittance, conductance and
3DE (supplemental table 1, figure 2 and 3). Moreover, EF derived from the AS and 3DE correlated well
at baseline (R=0.756, p=0.007) (table 3). However, at 8 weeks follow-up after myocardial infarction,
significant differences were observed. The AS overestimated both, EDV (+28.7+41.4mL, p=0.028) and
ESV (+31.34+35.4mL, p=0.014) compared to 3DE. In turn, this overestimation resulted in a significant
underestimation of EF (-10.9410.2%, p=0.009) (supplemental table 2, figure 2 and 3).

For the CS, the opposite was found. Both, EDV (-11.3+23.4, p=0.021) and ESV (-15.4+14.7, p=0.018)
were significantly underestimated using this technique (supplemental Table 2, figure 2 and 3). This
culminated in an overestimation of EF (+10.2+13.4, p=0.037) compared to 3DE. Furthermore, infarct
size correlated significantly with EF measured by 3DE at follow-up (R=-0.698, p=0.025, figure 4).

Therefore, infarct size was added as a covariate in the analysis when EF at follow-up was compared
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among the different methods. After controlling for infarct size, the differences for EF between the AS
and 3DE remained, whereas for the CS the difference in EF compared to 3DE was no longer significant
(supplemental table 3).

Table 2. Two-way repeated measures ANOVA between method used, time point of actual measurement and
interaction between time point and measurement.

Source EDV ESV EF
Method F(2,20)=6.9 F(2,20)=8.8 F(2,20)=9.9
p=0.005 p=0.002 p=0.001
Time F(1,10)=0.7 F(1,10)=5.9 F(1,10)=23.9
p=0.063 p=0.036 p=0.001
Method*Time F(2,20)=3.9 F(2,20)=6.4 F(2,20)=3.2
p=0.036 p=0.007 p=0.062

Differences between EDV, ESV and EF for the method used (3DE, AS or CS) the timepoint measured (baseline or
follow-up) and the interaction between time point and method. *p-values <0.05 were regarded significant. Data
were analyzed with a two-factor repeated measures ANOVA. Corrected EF = differences in EF corrected for infarct
size.

Correlation of infarct size with EF
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Figure 2. Left ventricular volume assessment in the healthy and infarcted porcine heart

Volumes were measured by 3D-echocardiography and invasive PV-measurements with the admittance and the
conductance technique in the healthy and infarcted porcine heart (n=11). A. Baseline End Diastolic Volume B.
Baseline End Systolic Volume C. Baseline Ejection Fraction D. End Diastolic Volume at follow-up E. End Systolic
Volume at follow-up F. Ejection Fraction at follow-up. Data are presented as mean + 95%Cl. * p<0.05; **p>0.05
after correction for infarct size.

To determine the general agreement of the two systems with 3DE as a reference standard, both in
the healthy heart and after 8 weeks of follow-up, Bland-Altman analyses were performed (figure 3).
Next, the limits of agreement of the different PV systems versus 3DE were compared to determine
differences in variance. The limits of agreement of baseline PV-loop measurements of both systems
did not differ significantly. In the post infarction remodeled heart, however, the admittance system
versus 3DE showed larger limits of agreement for both EDV (+37.2, p<0.05) and ESV (+34.8, p<0.05)
when compared with the limits of agreement of the conductance system versus 3DE for EDV (+13.8)
and ESV (+18.1) (figure 3).
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Figure 3. Bland-Altman analysis of left ventricular volume assessment in the healthy and infarcted porcine heart

Comparison of 3D-echocardiography (set as
admittance and the conductance technique

reference standard) and invasive PV measurements with both the
(n=11) in the healthy and infarcted porcine heart. A. Baseline End

Diastolic Volume B. Baseline End Systolic Volume C. Baseline Ejection Fraction. D. End Diastolic Volume at follow-
up E. End Systolic Volume at follow-up F. Ejection Fraction at follow-up. Data are presented as mean + 95%Cl. + =
significant overestimation vs. 3D-echo; - = significant underestimation vs. 3D-echo before correction for infarct size;
# = significantly larger limits of agreement versus conductance technique, p<0.05.

Table 3. Correlation between 3DE, the AS and CS in the healthy porcine heart for EDV, ESV and EF.

LV Parameters 3DE AS 3DE CS AS CS
EDV (mL) 0.339 0.539 0.517
ESV (mL) 0.361 0.341 0.486
EF (%) 0.756* 0.309 0.300

Numbers shown are the correlation coefficients (R). *Significant correlation between two systems (p=0.007).

Table 4. Correlation between 3DE, the AS and CS in the infarcted porcine heart for EDV, ESV and EF.

LV Parameters 3DE AS 3DE CS AS CS
EDV (mL) 0.466 0.847* 0.240
ESV (mL) 0.252 0.247 -0.56
EF (%) -0.050 -0.019 -0.007

Numbers shown are the correlation coeffecients (R). *Significant correlation between two systems (p=0.005).
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Figure 4. Correlation between infarct size and 3DE

Correlation plot showing a significant correlation between infarct size and EF determined at follow-up by 3DE.
R=0.698, p=0.025 (n=10).

Cardiac function: Baseline versus follow-up

Any particular system for cardiac function assessment can be considered valid when a true change
in cardiac function can be detected reliably. Therefore, the primary aim of this study was to compare
baseline and follow-up measurements with the AS. To monitor the degree of cardiac function changes,
we used 3DE as reference. 3D-echocardiographic LV volume measurements confirmed a decline in
cardiac function after Ml with a significant increase in ESV (+15.4+14.4 mL, p=0.005) and a decrease
in EF (-13.245.2%, p<0.001) (table 5), but did not reveal any significant cardiac dilatation after MI. The
AS detected a significant decrease in ESV (+34.6+£36.1mL, p=0.010) and EF (-20.3%11.2%, p<0.001).
Similar to the echocardiographic measurements, the AS indicated no significant EDV changes after M.
Finally, delta EDV, ESV and EF were compared among the different systems. Only delta ESV (+34.6+36.0
mL vs. -3.2432.9 mL, p=0.030) between the AS and CS significantly differed, whereas no significant

differences between 3DE and the two PV techniques were observed (table 5).

Table 5. Differences in LV volumes between follow-up and baseline measurements for 3DE, the AS and CS.

LV Parameters 3DE AS CS

EDV (mL) 7.6124.0 23.3144.8 -9.1+37.8
ESV (mL) 15.4+14.4* 34.6+36.1% -3.2432.9"
EF (%) -13.245.2% -20.3+11.2* -6.0£21.0

All values are presented as mean differences * standard deviations. *Difference of Paired T-test for measurements
at follow-up vs. baseline for the same system. 'Difference between delta measurements vs. the AS. Differences
with p-value <0.05 was regarded significant.



PV-loop in a porcine model of CMI | 275

DISCUSSION

To evaluate therapeutic efficacy of treatments for ischemic heart disease, a careful assessment of
cardiac function is mandatory. Therefore, it is important to evaluate techniques for functional testing
under conditions that reflect its application field as close as possible. The traditional conductance
system has been used in many different studies to assess cardiac function.®?*?' However, this system
structurally overestimates LV volumes due to its inherent inability to separate parallel conductance
from blood conductance.>” This can be overcome by hypertonic saline injection. However, this
premises a constant parallel conductance and a linear relationship between conductance and volume,
which might be too simplified and hence imprecise.>**** The admittance based system used in our
study has been validated and implemented in multiple murine studies for the determination of cardiac
function'®*>22, where it showed to be more accurate than the CS. ** Recently, the AS has been used
to measure LV volumes in moderately sized healthy pigs. In the study by Kutty (2013), the admittance
system significantly overestimated LV volumes with a good estimation of EF in the healthy porcine
heart. Furthermore, a good correlation was found between LV volumes measured by the AS and 3DE,
based on repeated measurements in the same animals.’®* Moreover, in larger LVs, the AS showed a
trend towards a poorer agreement with 3DE.'®* More importantly, the effect of regional ischemia and
post-infarction remodeling has not yet been evaluated. Therefore, the aim of our study was to test the
ability of the AS to reliably monitor cardiac function in a human sized large animal model of chronic
myocardial infarction.? To the best of our knowledge, our study is the first to evaluate the AS in a large
animal ischemic heart disease model.

In concordance with Kutty (2013), EF was similar at baseline and correlated significantly between
AS and 3DE, whereas EDV and ESV did not. The lack of correlation for the latter two could be due to
larger LV volumes in our study, which is supported by the observation that larger hearts showed a
poorer agreement of 3DE and the AS in the mentioned study. ** Furthermore, Bland-Altman analyses
revealed modest limits of agreement at baseline. These data suggest that the AS can accurately and
reliably measure cardiac function in the healthy porcine in vivo heart. Interestingly, our study reveals
prominent differences at 8 weeks follow-up. At this time point, the AS overestimated LV volumes
resulting in an underestimation of EF. Also, Bland-Altman analyses at follow-up showed significantly
larger limits of agreement for the AS than for the CS for LV volumes, which tended to underestimate
volumes. These discrepancies between baseline and follow-up measurements for the AS compared to
3DE could largely explain the interactions found between method and time point. Moreover, infarct
size significantly correlated with EF measured by 3DE at follow-up. Therefore, infarct size was used as
a covariate in the comparison of EF at follow-up between the different methods. After controlling for
infarct size, EF measurements at follow-up remained different between the AS and 3DE indicating that

the found differences between 3DE and the AS are independent of the actual infarct severity.

This combination of volume over- or underestimation for the AS and CS respectively, combined with
the lack of correlation of both systems with 3DE and infarct size, suggest that PV-measurements in the

infarcted heart might be less accurate and reliable than in the healthy heart, supporting the importance
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of choosing appropriate models in the testing of novel technology. Indeed, studies on agreement
and correlation between different imaging techniques (e.g. MRI, echocardiography) and volumes
measured by PV methods both in small and large animal models are inconsistent. *>*-2¢ |t should
be noted however, that 3DE moderately underestimates absolute LV volumes compared to MRI.*3,
which could partly explain the AS’ overestimation of both EDV and ESV at follow-up. Nevertheless, this

cannot be held responsible for the significant interaction between method and timepoint.

Moreover, given the limited variation of the size of pigs used in this study, the overall variation of data
-even at baseline- is considerable for all three systems. This could indicate that the reproducibility of
the different techniques is not optimal. Recently, the reproducibility of 3DE for the measurement of EF
has been established. However, the inter-observer variability was considerably higher than for MRI.3
To the best of our knowledge, the reproducibility of the AS has not been well established, although
Kutty (2013) recently showed that repeated measurements for the same animal in the healthy
heart were very similar with the AS system. In the current study, reproducibility in form of repeated
measurements was not investigated and future studies should assess whether the reproducibility of
the AS is influenced by M.

Furthermore, we examined the differences in volume measurements with the AS between baseline
and follow-up. Importantly, EDV, ESV and EF measured with the AS at follow-up compared to baseline
showed comparable changes as with 3DE. Also, comparison of delta EDV, ESV and EF between the AS
and 3DE did not reveal any differences. This indicates, although induction of Ml influences its accuracy,
the AS’ ability to determine functional and volume changes after MI. One of the classical features of
post-infarction PV measurements is a decline of the ESPVR slope.?** In our study however, we were
unable to detect such changes with both systems. This can likely be ascribed to the fact that the
previous ex vivo preload reducing experiments were performed under idealized conditions that do
not necessarily represent the in vivo physiology following post Ml remodeling, especially when dealing
with regional ischemia. Therefore, deviations from the traditionally observed decline in the ESPVR

slope may occur with a typical shift in V,, as observed by us and others. 6243132

The main limitation of the current study is that measurements in animals inherently have to be
performed under general anesthesia. This could potentially influence the overall outcome since
different levels of anesthesia might influence results. Additionally, the sternotomy could interfere with
conductance signals resulting in less accurate measurements.

Furthermore, the sequence of measurements was not random, meaning that LV function was first
measured with the CS and only thereafter with the AS in all animals. Although it is imaginable that
catheter insertion and extraction could influence cardiac function on a short-term basis, it is probably
not sufficient to explain the differences found in LV volumes. In this perspective, hypertonic saline
injections could also temporarily alter the resistivity of blood in the LV. Since the circulatory volume

of the animals exceeds the amount of hypertonic saline injected by far, it seems unlikely that the
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admittance measurements were influenced, also considering the time between the injections and the
insertion of the admittance catheter. Finally, the 3DE recordings and the PV measurements were not
simultaneously performed. Although no major hemodynamic changes between the measurements
were observed, the observed discrepancies could partly be due to moderate changes between the

consecutive measurements.

In conclusion, LV volumes in the healthy heart can be accurately and reliably measured by the AS with
a good correlation for EF with 3DE. However, post-MI remodeling influences these measurements,
making PV-loop computations less accurate. Nevertheless, like 3DE, the AS can successfully identify
a decrease in cardiac function in a porcine model of chronic myocardial infarction. These data show
that the admittance based technique is valid for the assessment of cardiac function in large animal
models. Given the lack of correlation between echo- and PV-loop-based volume measurements with
the current systems, future studies ideally should combine the strength of either echocardiographic or
MRI based volume measurements with PV-loop specific parameters as functional endpoints in cardiac

large animal models.
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SUPPLEMENTAL TABLES

Table 1. Cardiac parameters measured in vivo in the healthy porcine heart using the AS and CS.

Cardiac Parameters AS Baseline CS Baseline AS Follow-up CS Follow-up
Heart Rate (bpm) 58+15 62115 63112 61+10
ESP (mmHg) 117.8+21.5 110.8+23.1 92.9+23.2 89.1+18.0
EDP (mmHg) 10.5£3.2 11.7+6.5 8.6+3.9 10.4£4.5
ESPVR (slope) 2.5612.43 2.34+1.27 3.631+4.87 3.05+2.50
v, -21+20 -21+61 34+52* -14+23

All values are presented as means + standard deviations. ESPVR — End Systolic Pressure Volume Relationship.
* Significant difference vs. baseline AS. Differences with p-value <0.05 were regarded significant.

Table 2. Two-way repeated measures ANOVA between method used, time point of actual measurement and
interaction between time point and measurement.

Source EDV ESV EF
Method F(2,20)=6.9 F(2,20)=8.8 F(2,20)=9.9
p=0.005 p=0.002 p=0.001
Time F(1,10)=0.7 F(1,10)=5.9 F(1,10)=23.9
p=0.063 p=0.036 p=0.001
Method*Time F(2,20)=3.9 F(2,20)=6.4 F(2,20)=3.2
p=0.036 p=0.007 p=0.062

Differences between EDV, ESV and EF for the method used (3DE, AS or CS) the timepoint measured (baseline or
follow-up) and the interaction between time point and method. *p-values <0.05 were regarded significant. Data
were analyzed with a two-factor repeated measures ANOVA. Corrected EF = differences in EF corrected for infarct
size.

Table 3. Correlation between 3DE, the AS and CS in the healthy porcine heart for EDV, ESV and EF.

LV Parameters 3DE AS 3DE CS AS CS
EDV (mL) 0.339 0.539 0.517
ESV (mL) 0.361 0.341 0.486
EF (%) 0.756* 0.309 0.300

Numbers shown are the correlation coefficients (R). *Significant correlation between two systems (p=0.007).
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DISCUSSION

Over the past decade stem cells have been a hot topic in many different fields of medicine. The idea
that stem cells can regenerate tissue that is destroyed, set high hopes to cure diseases that were
incurable before. In cardiology, stem cell therapy is mostly investigated to treat ischemic heart disease,
which includes an acute myocardial infarction (AMI) and heart failure (HF). It has been over 10 years
since the first patients was treated with the first generation of stem cell therapy, but still to date many
questions remain unanswered. Are we using the correct cell type? What is the appropriate time
point to give stem cells? How many cells do we need to give? Are we using an appropriate isolation
protocol? What is the optimal injection route? How can we optimize cell therapy? Does every disease
need the same cell? And so on. In this chapter, the results obtained in the thesis are summarized and

placed into context to existing literature. The main findings of this thesis are described in table 1.

In chapter 3, a random-effects meta-analysis was performed in which the effects of bone marrow-
derived mononuclear cells (BMMNCs) were investigated for the treatment of an AMI. Intracoronary
infusion of BMMNCs improved LVEF by only +2.10%. This effect is limited, but what has to be kept
in mind is that even small improvements in LVEF can be fruitful. For instance, primary percutaneous
coronary intervention (PCl) only improves LVEF by 4%.%? This moderate effect on LVEF has resulted in a
massive decrease in cardiac mortality. This could indicate that the effect that is observed in the meta-
analysis could also reduce major adverse cardiovascular and cerebral events (MACCE) rates. However,
no significant reductions in MACCE rates were noted in the meta-analysis. This in contrast with
another meta-analysis by Jeevanantham et al * who reported a reduction in MACCE rates, including
all-cause mortality, after BMMNC treatment. The main difference between their meta-analysis and
our meta-analysis is that they pooled the data of HF and AMI patients for MACCE calculations. This
could cloud the true potential for BMMNC therapy for both diseases. One possible reason why no
effect is detected on MACCE in our meta-analysis, is that most studies were not designed to show any
effect on MACCE. Most trials were only phase /11 trials and were therefore underpowered to detect
any effect on MACCE. Moreover, the median follow-up duration was only 6 months which might be
too short to draw conclusions regarding MACCE rates. Another explanation could be that BMMNCs are
not beneficial for cardiac repair. This statement is fortified by the finding that intracoronary infusion
of BMMNCs did not improve LVEF when only studies are pooled that used MRI for analysis of cardiac
function. As MRl is still the golden standard for detecting LVEF and LV volumes, it could be stated that,
when no benefit is detected using this imaging modality, the therapy is not effective at all.

Newer generations of stem cells that were applied in clinical trials for the treatment of an AMI were
also investigated in our meta-analysis, autologous enriched cells (CD34+/CD133+ cells), mesenchymal
and mesenchymal-like stem cells (autologous and allogeneic combined) and cardiosphere-derived
cells (CDC). Only a limited number of trials investigated the effects of these cells to date, so no clear
conclusion can be drawn regarding superiority of one of these cell types. Mesenchymal stem cells

(MSC) showed an improvement in LVEF of almost 5%, but due to a number of trials and a limited
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number of patients treated with MSCs, no significant differences opposed to BMMNCs on cardiac
function could be observed. However, a reduction was detected in the number of episodes of
ventricular tachycardia and ventricular fibrillation (VT/VF) and implantable cardioverter defibrillator
(ICD) implantations. MSC must be further investigated in larger clinical trials before superiority can be

detected. The same accounts for the other new generations of cell-based repair, like the CDC.

As mentioned above, Jeevanantham did find beneficial effects of BMMNC transplantation on MACCE
events when they pooled the data of HF and AMI patients. We did not see any effect on MACCE in AMI
patients, so could it be concluded that the effects on MACCE only occur in HF patients? To answer this
question, a meta-analysis of BMMNC therapy in HF patients was performed as described in chapter
3. Overall, LVEF improved by almost +4% in this patient population after BMMNC transplantation.
Moreover, when data was corrected for MRI studies, the improvement on LVEF was still +3%. The
effects of thisimprovement were noted on the clinical outcome of HF patients. BMMNC transplantation
was associated with a decrease in all-cause mortality. It could thereby be concluded that the effect
on all-cause mortality in the meta-analyses by Jeevanantham et al. is based on HF patients. The other
MACCE events that were improved in their meta-analysis were not improved in our meta-analysis.
The benefit on cardiac mortality, recurrent AMI and hospitalizations for HF in their study could be the
effect of combining the AMI and HF patients. Moreover in Jeevanantham et al. cohort studies were
included. We omitted cohort studies from the analysis, because they tend to overestimate treatment

effects.

Based on our meta-analyses, BMMNC do not seem to be the best candidate for cardiac repair, at least
in AMI patients. The moderate effects that were found could be related to the limited treatment
effect of the cell itself but could also be associated to the differences in trial design. There is, for
example, still no consensus regarding the optimal time point for injection nor for the dose of cells.
In our meta-analysis regarding the AMI population, also timing and cell dose were investigated. Cell
dose did not influence outcome, but we concluded that patients benefit the most when injection of
BMMNCs was performed within 7 days after AMI. Thus far, it was believed that cell therapy should
be initiated 3-10 days after the AMI, based on findings in phase | studies, logistical issues, and the
assumption that in the first 72 hours, the infarct territory encompasses a too hostile environment
for the infused cells. However, others argued that stem cells should be infused as soon as possible to
prevent cardiomyocyte loss by secreted anti-inflammatory, pro-survival and anti-apoptotic paracrine
factors.* This hypothesis was recently supported by preclinical and clinical evidence.>® Due to logistical
reasons injection of BMMNC is often impossible within 24 hours, rendering in a delay between infarct
and infusion of cells. Hence, the effects of BMMNC could be limited due to the late timing of the stem

cell transplantation.
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Table 1. Main Findings of this thesis

Stem cell therapy for cardiovascular disease has been investigated in many preclinical
and clinical trials in the last decade

First generation stem cells, including the Skeletal myoblast and bone marrow mononuclear
cells are not effective for cell-based cardiac repair

Injection of skeletal myoblasts results in a higher incidence of ventricular arrhythmias
due to the lack of electromechanical coupling between the skeletal myoblasts and the
cardiomyocytes

Infusion of bone marrow mononuclear cells in AMI patients does not lead to an
improvement in cardiac function nor improvement in MACCE events

Injection of bone marrow mononuclear cells in HF patients increased ejection fraction by
3% and resulted in decrease in all-cause mortality

Mesenchymal stem cells and mesenchymal progenitor cells have a better profile for
cardiac repair than bone marrow mononuclear cells

Mesenchymal stem cells and mesenchymal precursor cells can be given in an allogeneic
setting

Infusion of Mesenchymal precursor cells in an animal AMI model is safe and results in a
preservation of left ventricular function and dimensions

The primary mechanism of action of mesenchymal precursor cells is based on the
release of paracrine factors that prevent apoptosis, improve wound healing and enhance
angiogenesis

Retention of stem cells in the myocardium following an event is minimal, to improve
retention mesenchymal stem cells were encapsulated in an alginate shell

Intracoronary infusion of Encapsulated mesenchymal stem cells (CellBeads) is safe and
feasible up to 90,000 beads

Intracoronary infusion of 20,000 encapsulated mesenchymal stem cells preserves left
ventricular function and dimensions

The primary mechanism of action of encapsulated mesenchymal stem cells is based
on the release of paracrine factors by the stem cells which resulted in a reduction of
apoptosis, thereby limitation of infarct scar size and angiogenesis

A porcine model of ischemia-reperfusion of the left anterior descending artery results in
a more severe infarct and larger reduction in cardiac function than ischemia-reperfusion
of the left circumflex artery, making LAD occlusion more suitable for preclinical research
Admittance PV-loop is superior to conductance PV-loop in assessing cardiac volumes and

ejection fraction when compared to 3D-echocardiography.
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Another restricting factor of BMMNC therapy is their expression profile of paracrine factors, which
is limited for cardiac repair.” Currently, more potent cells have emerged that secrete factors that are
more beneficial for heart repair, like the MSC and the MSC-like adipose tissue-derived regenerative
cells (ADRCs). This in combination with limited efficacy of BMMNCs has resulted that less clinical trials

are exploring BMMNC s but are shifting towards new generations of stem cells.

A meta-analysis on preclinical studies using stem cell therapy for ischemic heart disease concluded that
MSC are more beneficial for cardiac repair.! BMMNCs improve LVEF in preclinical trials by +5% whereas
MSC improve LVEF by +10%.° MSCs could be more potent for cardiac repair due to their expression
profile of paracrine factors and the possibility of transdifferentiation into cardiomyocytes.”*0-1?
Moreover they home to the site of injury following infusion thereby enhancing retention of the cells in
the myocardium.® In addition, they can be easily isolated via plastic adherence.!! The disadvantage is
that the fraction of MSCs in a bone marrow biopsy is very limited. Only 0.001%-0.01% cells in the adult
bone marrow are MSC.** To obtain therapeutic doses, they need to be culture-expanded following
isolation. Culturing of bone marrow MSCs could take up to 2 months rendering infusion of autologous
MSC in AMI patients not useful. However, they are suitable for the application in HF patients in whom

timing of stem cell injection is a less important issue.

Adipose tissue-derived regenerative cells

Next to isolation out of the bone marrow, MSCs can be derived from multiple tissues including adipose
tissue.!* ADRCs consist of a population of endothelial progenitor cells and mesenchymal-like stem
cells. ADRCs can be isolated out of 200 ml of fat tissue using a specialized Cytori Cellution™ device and
specialized enzymes that were described in chapter 5. The optimal injection route in AMI patients is
intracoronary injection, whereas in HF patients intramyocardial injection via NOGA™ is preferred. The
Apollo trial (chapter 6), was the first-in-man clinical trial that investigated the safety and feasibility of
intracoronary infusion of ARDCs in the treatment of ST-elevation AMI in 14 patients (n=10 ADRCs group
versus 5 in the control group). The most important findings over 36 month follow-up were: 1) liposuction
can be performed safely briefly following an AMI, and 2) no MACCE or serious adverse events occurred
that were related to the ADRC therapy. Moreover, ADRC therapy had no apparent pro-arrhythmogenic

effects, but rather appeared to reduce the occurrence of ventricular arrhythmias and ectopy.

In the Apollo trial, liposuction was performed as soon as possible following AMI to return the ADRCs
within 24 hours after the ischemic event to the patient. Although two patients experienced significant
bleeding following liposuction, most likely related to anti-coagulation therapy, liposuction in the acute
phase of a myocardial infarction appeared to be well tolerated. The patients who had a bleeding
complication were treated with glycoprotein Ilb/llla inhibitors during PCI, prior to liposuction. The
protocol was adjusted and patients that received this anti-coagulant were excluded. Moreover aPTT
ratio should be normalized before the liposuction procedure. However, this issue should be closely

monitored in future trials.
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The ADRCs in the Apollo trial were intracoronary injected within 24 hours after revascularization.
Although intracoronary infusion of BM-derived and cell culture-expanded MSC has raised concerns
in pre-clinical studies with respect to micro-vascular obstruction and myocardial infarction 24?2, the
intracoronary infusion of freshly isolated ADRCs did not result in any detectable effect on coronary
flow as measured by TIMI flow and CFR analysis. This could be associated with the low dose that was

used in this study and the filtration of the ADRC suspension prior to infusion.

The feasibility of ADRC therapy directly following reperfusion was demonstrated in various large
animal models of AMI.**** The effects in the preclinical trials were related to the paracrine effects of
the ADRCs that resulted in neo-angiogenesis, immunomodulation and cardiomyocyte salvage. %618
Although only 8 patients in the treatment group were analyzed with cardiac MRI, and the study was
not powered for efficacy, the significant and sustained reduction in infarct size may indeed suggest
cardiomyocyte salvage evoked by the infused ADRC. Moreover, significant and sustained improvement
in both coronary flow reserve (+60%) and perfusion defect (-36%) were found at 6, and 18 months
follow-up, as opposed to no change in the control patient group what could be related to (neo)-
angiogenesis in the peri-infarct region resulting in improved myocardial perfusion, thereby possibly

limiting ischemic damage and ultimately improving function.

Although ADRCs isolation and infusion has proven to be safe within 24 hours following AMI and showed
hints of efficacy, the true treatment effect in clinical trials remains unclear to date. The results of the
Apollo trial have resulted in the design of the ADVANCE trial which is a prospective, randomized,
double-blind, placebo-controlled, phase IIb/Ill clinical trial that will enroll up to 216 patients with
STEMI in up to 35 centers in Europe (ClinicalTrials.gov identifier: NCT01216995).

Autologous ADRCs seem to be promising for the treatment of ischemic heart disease, however,
there are some issues related to ADRC treatment. First, the cells need to be isolated from the patient
directly following an ischemic event, what can result in additional discomfort and risks for the patient.
Moreover, the isolation process is time consuming and every center that wants to use this therapy
needs to have access to a laboratory and an isolation device and trained personnel that is available
24/7. Second, the cells are isolated from a, in most cases, elderly patient. It has been proven that cell

quality decreases with aging and illness, rendering in less efficacy of the cells.*

These issues can be avoided by using MSCs. As described above, autologous bone marrow MSCs are
less suitable for application in AMI, because they need to be culture expanded, which could take up
to 2 months. Next to their excellent expression profile for cardiac repair, MSC are immune-privileged
cells. This is achieved by several immunological features of MSC: 1) lack of expression of MHC class Il
antigen, and low levels of MHC class |; 2) lack of co-stimulatory molecules and CD40, CD80, and CD86;
3) secretion of immuno-modulatory factors including nitric oxide, heme-oxygenase |, and interleukin-6;
4) suppress innate immune cells via direct cell-cell contact, but also 5) suppress T-cell proliferation

and alter naive T-cells into an anti-inflammatory state.'>* This makes them suitable for allogeneic



General discussion and future prospectives | 291

transplantation without the need of immunosuppressive drugs. An allogeneic cell product renders
a painful and time-consuming procedure of cell harvesting and isolation unnecessary. Moreover the
cells are obtained from a healthy donor, thereby enhancing cell quality and the MSC can be directly
infused following a coronary event. Also allogeneic MSC can be easily used in every catheterization

suite worldwide, whereas no specialized personnel is needed.

Mesenchymal precursor cells

Mesenchymal precursor cells (MPCs) are an Stro-3 immune-selected immature subpopulation of bone
marrow-derived MSCs.? These MPC are multipotent cells with extensive proliferative potential, and
they secrete numerous anti-apoptotic, angiogenic factors, and growth factors, such as stromal cell-
derived factor (SDF)-1, hepatocyte growth factor (HGF)-1, insulin-like growth factor (IGF)-1, VEGF and
IL-6.22% |t was found that MPC display greater cardioprotective effects than conventional MSC that
are selected by plastic adherence alone.?>?* Moreover, MPCs are immune-privileged, like MSCs, which

makes them suitable for allogeneic transplantation.?*6

In part 4 of this thesis, MPCs are investigated for the treatment of an AMI. Chapter 7 described a
preclinical study in which MPCs were intracoronary administered in a sheep AMI model. Initially,
safety and optimal dose of intracoronary delivered MPCs were investigated in pilot study, using 20
sheep. In this study it was concluded that intracoronary infusion of MPCs was safe up to a dose of
37,5 million cells when infusion rate was low. Previous studies showed that intracoronary infusion
of non-selected MSC was associated with micro-vascular obstruction, coronary flow reduction and
myocardial infarctions due to capillary plugging.?’-° This effect could be related to; 1) the size of non-
selected MSC (up to 30-50 umeter in diameter) that progressively increases during cell culture® and
2) higher absolute doses of MSC and high infusion rates.>'*?”2° The size of the MPCs used in our study

was only 13 micrometer, even when expanded in cell culture.

This truly distinguishes MPC from MSC, and, for the first time, enables intracoronary infusion of such
cells in the culprit artery following AMI. Moreover, in our MPC study, cell dose was approximately
50-75% lower opposed to other preclinical studies that investigate MSCs. Also infusion rate was
only maximal 375.000 cells per minute compared to 1-2 million cells per minute in other preclinical
trials.**?”2° We hypothesized that a low infusion rate might enable the MPC to either pass through the
capillary bed or to transmigrate into the perivascular tissue without aggregation or capillary occlusion.
This was confirmed after a nuclear imaging retention sub study in two animals that revealed a
significant number of MPC still in the heart two hours after intracoronary infusion, whereas epicardial
coronary flow remained normal. Retention in this study was 40% opposed to 3% retention following

intracoronary infusion as was found in the study by Hou et al.??

When the optimal conditions for MPC transfer were found, the efficacy of intracoronary infusion of

MPCs was explored in a randomized study of 68 sheep with an anterior AMI. We demonstrated that
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intracoronary delivery of MPC prevents LV remodelling and improves residual cardiac function. The
results of this study suggest that these effects are evoked by myocardial salvage and subsequent
reduction of infarct size, accompanied by induced angiogenesis and reduced myocardial fibrosis due
to paracrine actions of the MPCs. No clear dose response relation was observed between groups and

all groups showed a comparable improvement in cardiac function.

Encapsulated MSC

As described above, retention of stem cells is low following intracoronary infusion after AMI*? and
intracoronary infusion of MPCs is associated with a higher retention rate. As the effects of stem
cell therapy are related to the release of paracrine factors by the cells, it was hypothesized that the
beneficial effects of stem cell therapy are improved when cells are retained in the myocardium for
a longer period of time. To extend the release of paracrine factors in the myocardium, MSC were
encapsulated in an alginate shell (CellBeads). Encapsulated MSCs (eMSC) that are genetically modified
to produce glucagon-like-peptide-1. Anincretin hormone that has cardioprotective effects in preclinical

and clinical trials, alongside MSC paracrine factors.*=’

The safety and efficacy of eMSC therapy was investigated in a pilot study, described in chapter 9. First
the maximal safe dose was investigated in the naive myocardium. It was shown that after 90.000
eMSC, coronary flow impeded. This number is much lower than the number of MPCs that can be
infused before flow reduces. This is related to the size of the eMSC (170 micron). However, it seems
that the same rule could be applied for eMSC as for stem cells in general: when the number is low and
the infusion rate is slow, cells or eMSC can be intracoronary infused (via continuous infusion) without

obstruction of coronary flow.

Moreover, it was also shown in the pilot study in chapter 9 that eMSC were viable up to 1 week, still
secreting GLP-1 and therefore also other therapeutic paracrine factors. The results of the pilot study
resulted to in the development of a large porcine dose-finding study which was described in chapter
10. In phase | of this study, 3 doses of eMSC or placebo solution were administered in 50 pigs in which
an intermediate infarct was created by occlusion of the LCx. Infusion of eMSC showed only a trend
towards an improvement in LVEF in this study. No other functional benefits were detected. However,
infarct size due to an LCx occlusion was, even in control animals, only 10% of the left ventricle. When
the infarct is small, the therapeutic effects of a therapy could be underestimated. In the second phase
of this study, a more severe AMI was induced by occlusion of the LAD for 90 minutes, also in 50 pigs,
whereupon the pigs were also subjected to 3 doses of eMSC or placebo control. 20.000 eMSC showed
a significant improvement in LVEF and a reduction in LVESV. The other eMSC doses failed to show
improvement in cardiac function. Moreover infarct size was also reduced in the best responding eMSC
group. Although other parameters, like infarct size and apoptosis were not statistically significant in
the other dose groups, all eMSC treated animals showed a significant effect on neovascularization and
End-Systolic pressure volume relationship (ESPVR) on PV-loop.
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Mechanisms of action of CellBeads and mesenchymal precursor cells

The primary hypothesized mechanism of action of both eMSC and MPCs is based on the release of
paracrine factors by the cells. Additionally eMSC are transfected to produce glucagon-like peptide-1
(GLP-1) alongside the MSC’s endogenous paracrine factors including vascular endothelial growth factor
(VEGF), monocyte chemotactic protein-1 (MCP-1), interleukin (IL)-6, IL-8, glial-derived neurotrophic
factor (GDNF) and neurotrophin-3 (NT-3). 3334 MPCs are known to secrete stromal cell derived
factor-1 (SDF-1), hepatocyte growth factor-1 (HFG-1), Insulin-like growth factor-1 (IGF-1), VEGF and IL-
6. There is considerable overlay between the expression profile of paracrine factors by the eMSC and

MPCs, but are the results comparable between both stem cell products?

In both studies, the cell products were administered directly following reperfusion of the AMI, we
therefore hypothesized that the therapeutic effect of MPC and eMSC is mainly exerted through the
release of anti-apoptotic and pro-survival factors, thereby enhancing cardiomyocyte salvage.?*** In
addition, the immunomodulatory actions of MPCs and eMSCs may preserve myocardial tissue and
contribute to effective tissue healing with limiting scar tissue formation by reducing reperfusion injury
or attenuating oxidative stress.** Moreover, IL-6, both secreted by the eMSC and MPCs, increases the
lifespan of neutrophils in the hostile post AMI environment and improves healing of the infarct wound.
4 1n addition, MSC trigger the transition of classical M1 to anti-inflammatory M2 macrophages, further
improving infarct healing by increased angiogenesis. ** Moreover, the reduction of infarct size in in both
studies, might have resulted in alleviated LV wall stress and reduced neurohumoral activation. This
may then ultimately prevent interstitial fibrosis and compensatory hypertrophy in the non-infarcted
myocardium and, on the long term, LV dilation.***¢ This was confirmed in the MPC study by the fact
that in control animals, more apoptotic cardiomyocytes were found in both infarct-related and remote
segments, which is a strong indication of enhanced and ongoing adverse remodeling.*’ Indeed, the
placebo-treated animals exhibited increased filling pressures and impaired filling rates, a rightward
shift of the PV-relation (i.e. increased volumes), and more myocardial fibrosis and cardiomyocyte

hypertrophy when compared to MPC-treated animals.

Opposed to the MPC study, in which apoptosis was reduced in border and remote areas in MPC treated
animals, apoptosis was only reduced in the border area in animals in the optimal encapsulated MSC
group. Moreover no differences were observed in PV-loop derived parameters that were improved
in the MPC study. This difference could be related to the difference in paracrine factors that are
released by the cells, but regarding apoptosis it would be expected that eMSC infusion was related
to a larger reduction in cardiomyocyte apoptosis due to the secretion of GLP-1, although this effect
could have faded over time, due to a decrease in GLP-1 release by the MSC.3**” Several clinical studies
investigated exenatide, a GLP-1 analogue, for the treatment of an AMI. Patients who were treated
with exenatide infarct size was reduced by 50% .3>3¢ It was therefore stated that exenatide protected
against reperfusion damage. The difference between eMSC and these studies is that eMSC, and thus

GLP-1, are infused in the reperfusion phase what could have altered the outcome.
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Beside the effect on infarct size and remodeling, there was also a marked increase in neo-capillary and
arteriole densities in the infarct border zone and infarct area of encapsulated MSC and MPC treated
animals. This increase in blood vessel density in the perfusion territory of the culprit artery suggests a
pro-angiogenic potential of MSC and MPC therapy, related to the release of VEGF. This finding and is
consistent with previous studies that used MSC for cardiac repair.?>*> Moreover, eMSC also improved
angiogenesis in a hind-limb ischemia model and in porcine interposition grafts.*®%° Although we have
not directly assessed myocardial perfusion using functional testing, these histologic data suggest
improved myocardial perfusion and therefore oxygen and nutrient delivery in the (peri-)infarct region.

This pro-angiogenic effect might partly explain the observed preservation of cardiac function.

As described above, MSC are capable to transdifferentiate into cardiomyocytes in vivo and in vitro.**
In the MPC study we did not investigate transdifferentiation, based on the results of an earlier study
in which MPCs did not transdifferentiate after intramyocardial injection following AMI.?* However,
recent studies have shown that delivery of MSC to infarcted or hibernating myocardium can improve
cardiac function by stimulating resident cardiomyocytes to re-enter the cell cycle, thereby initiating
cardiomyocyte proliferation.*®*! Indeed, in the MPC study we found a small, but significant effect
on cardiomyocyte proliferation in the infarct border zone, indicating that MPC enhance endogenous
repair. Moreover, we investigated, whether MPC therapy might stimulate, or increase numbers of,
resident cardiac stem cells, as has been suggested in some previous studies with MSC.***2 In contrast
to those studies, the number of resident cardiac stem cells in sheep myocardium seemed to be rather
low. This might very well be explained by the fact that in those previous studies mice, and juvenile pigs
were used, whereas the current study was performed in adult sheep. It seems plausible that juvenile
animals have more resident cardiac stem cells than adult animals, although direct comparative study
data are lacking. No difference in cKit+ cells was found in both border zone and remote myocardial
segments between treated and control animals, which might be explained by the long follow-up
period in the current study. In a study by Suzuki et al. in which MSC were intracoronary infused directly
following AMI and pigs were terminated after 2 and 6 weeks, the most pronounced effect of cell

therapy on cKit+ cells was found after 2 weeks and the effect declined after 6 weeks.

Transdifferentiation of MSC was not hypothesized as potential working mechanism of eMSC. The
MSC do not leave their shell and the space inside the CellBeads limits them from proliferation and
possibly also differentiation. Proliferation of endogenous cardiac stem cells was not investigated in the
CellBeads study. This was based on the results of the MPC study, where the follow-up was also eight

weeks and no effects were seen on proliferation of endogenous stem cells.

From both studies, it can be concluded that eMSC and MPC are beneficial for cardiac repair. Although
a side-by-side comparison was not performed, could we made a statement which product, MPC or
eMSC, is more beneficial for cardiac repair? First, both studies show that intracoronary infusion of

eMSC and MPCs is safe. Encapsulated MSC will occlude small coronary arterioles due to their size of
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170 um in diameter. Their working mechanism is based on retention and survival of the cells in the
target area, but this will result in obstruction of small vessels, what eventually will lead to occlusion

and ischemia.

Although no effect is observed on antegrade TIMI flow and CFR, directly following infusion, it might
be a possibility that there is microvascular obstruction. The outwash of contrast was slower in animals
that were treated with more than 40.000 eMSCs, which could indicate some microvascular obstruction.
MPCs are only 13 um in diameter and many more are needed before arterioles are occluded. Moreover
MPCs can deform and pass the capillary system. This results in a decreased number of cells in the

target area but it does not lead to permanent blockage of the coronary microvasculature.

Both studies show a comparable effect in LVEF by approximately +10% in animals treated with MPCs
or 20.000 eMSC. This effect is comparable with the effects of MSC in a meta-analysis on preclinical
studies.® The difference between the studies is the number of cells that were needed to obtain this
effect. In the MPC study, there was no clear dose response relationship. All groups performed equally.
So it could be stated that 12.5 million cells is enough to prevent deterioration of cardiac function.
In the encapsulated MSC study, only 20.000 eMSC were beneficial, what equals 2 million cells. This
could indicate that they are more potent, most likely due to the elongated local release of paracrine
factors. But there is a fine line between the effective eMSC dose and the ineffective doses; 10.000
eMSC (equals 1 million cells) were too few to show any effect on cardiac repair, whereas 40.000 eMSC
(4 million cells) did not show any effect, most likely based on microvascular obstruction. This was in a
preclinical setting, in animals without atherosclerosis. The question remains whether 20.000 eMSC are
safe to infuse in the coronary system of a patient with this disease. Moreover, the effects on histology
were more pronounced in the MPC study than in the eMSC study. This can be related to the product,
MPCs are shown to secrete more and a larger amount of paracrine factors than MSCs?, but it could
also be related to the animal model. Sheep were used in the MPC study opposed to pigs in the eMSC
study. In addition, eMSC were transplanted in a xenogeneic setting and MPCs in an allogeneic setting.
Although the MSC inside the alginate shell should be protected from a host immune response, an
immunological reaction can occur related to leakage of dead cell material out of the shell into the
surrounding tissue what could have limited their effects. To test this hypothesis eMSC with porcine
MSC should be investigated.

MPCs are now ready to enter the clinic for the treatment of an AMI. The have already been
intramyocardially injected in ischemic heart failure, without any side-effects and recently the first AMI
patients are included in the AMICI trial (discussed below). Encapsulated MSC are not ready to enter de
clinic yet. The optimal dose is now known, but the viability of the MSC inside the beads is unknown.
In the pilot study it was concluded that they were alive one week following infusion, based on qPCR
analysis and histological analysis, but at 8 weeks follow-up no human genes were detected on gPCR,

indicating that the cells were dead.>®
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Currently, the survival of cells is investigated in a mouse skin model and in a porcine model AMI model.
In this porcine study, also porcine eMSC are infused after AMI in one group and compared to human
eMSC in the other group. This design was chosen to investigate the hypothesis whether the MSCs
have a better survival rate in a allogeneic setting opposed to the xenogeneic setting. Adding to that,
eMSC were originally developed as a biodegradable, and at 8 weeks they are not degraded. Even after
6 months in a mouse model, the eMSC did not show any sign of degradation. First it has to made clear
when and how encapsulated MSC degrade for safety issues. But overall, the eMSC concept remains
interesting for the delivery of cells, cytokines, growth factors, drugs and so forth, to the heart or any

other organ.

Both studies using either eMSC or MPC were executed in an animal model for AMI is used. It is
important to use an appropriate model in the preclinical setting that is reproducible and representative
for the clinical setting. In the MPC study, the sheep model was applied. This was related to the MPCs
that were isolated from the bone marrow of a sheep. However, in most preclinical cardiology studies
with large animals, a porcine is used. The porcine heart shows a lot of similarities with a human
heart.>* In the first phase of the eMSC study, a posterolateral infarct was induced, but this resulted
in a small infarct size. When the infarct size is small the true potential benefit of your therapy can be
underestimated. Therefore, a LAD occlusion model was chosen in de second phase of the eMSC study.
In chapter 11, the differences on cardiac function and infarct size were investigated between these 2
different ligation sites in the heart. It was concluded that LAD occlusion resulted in a lower post-AMI
LVEF, a decrease in myocardial strain and a larger infarct size opposed to LCx occlusion. This makes the
LAD a more appropriate model to investigate AMI and post-AMI HF and the new therapeutic strategies
that are developed to improve function. On the other hand, peri-procedural mortality is lower in the
LCx model. Moreover in western society to date, door-to-balloon time is very short. This results in a
smaller infarct size and therefore it also needs to be investigated whether new therapeutic strategies
are also beneficial in a population with small infarcts. The main conclusion should be that for every

disease and every new therapeutic strategy, the appropriate animal model has to be selected.

In addition to the correct model, the assessment of, in this case, cardiac function to evaluate therapeutic
efficacy, needs to be accurate and reproducible. Therefore, it is important to evaluate techniques for
functional testing under conditions that reflect its application field as close as possible. The golden
standard for the assessment of cardiac function is cardiac MRI.>* In preclinical research cardiac AMl is
often out of reach due to logistical reasons and additional costs. In clinical research MRl is not always
possible due to patient related factors or also additional costs. 3D-echocardiography corresponds with
cardiac MRI in the assessment of LVEF and LV volumes.*® Pressure-volume loop (PV-loop) analysis
is a hemodynamic measurement that measures other cardiac parameters alongside LVEF and LV-
volumes, and could provide additional information above 3D-echocardiography. Currently, there are
two different PV-loop methods: conductance and admittance. The traditional conductance system
(CS) has been used in many different studies to assess cardiac function. >°° However, this system

structurally overestimates LV volumes due to its inherent inability to separate parallel conductance
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from blood conductance. ! This can be overcome by hypertonic saline injection. However, this
assumes a constant parallel conductance and a linear relationship between conductance and volume,
which might be too simplified and hence imprecise. % The admittance based system (AS) used
in the study in chapter 12 has been validated and implemented in multiple murine studies for the
determination of cardiac function *-%, where it showed to be more accurate than the CS. ® Recently,
a good correlation was found between LV volumes measured by the AS and 3DE, based on repeated
measurements in the same healthy animals.®” Moreover, in larger LVs, the AS showed a trend towards
a poorer agreement with 3DE.®” More importantly, the effect of regional ischemia and post-infarction
remodeling has not yet been evaluated. Therefore, the aim of the study described in chapter 12 was to
test the ability of the AS and the CS system to reliably assess LV volumes and function in a human sized

large animal model of chronic myocardial infarction and compare this with 3D echocardiography.*®

It was found in chapter 12 that, in concordance with a study of Kutty et al., LVEF was similar at baseline
and correlated significantly between AS and 3DE, whereas LVEDV and LVESV did not.®’ The lack of
correlation for the latter two could be due to larger LV volumes in our study, which is supported by
the observation that larger hearts showed a poorer agreement of 3DE and the AS (in the mentioned
study). ¢ Interestingly, the study reveals prominent differences at 8 weeks follow-up. At this time
point, the AS overestimated LV volumes resulting in an underestimation of LVEF. Moreover, infarct size
significantly correlated with LVEF measured by 3DE at follow-up. Therefore, infarct size was used as a
covariate in the comparison of LVEF at follow-up between the different methods. After controlling for
infarct size, LVEF measurements at follow-up remained different between the AS and 3DE indicating

that the found differences between 3DE and the AS are independent of the actual infarct severity.

This combination of volume over- or underestimation for the AS and CS respectively, combined with
the lack of correlation of both systems with 3DE and infarct size, suggests that PV-measurements
in the infarcted heart might be less accurate and reliable than in the healthy heart, supporting the
importance of choosing appropriate models in the testing of novel technology. Indeed, studies on
agreement and correlation between different imaging techniques (e.g. MRI, echocardiography) and
volumes measured by PV methods both in small and large animal models are inconsistent. %73 |t
should be noted however, that 3DE moderately underestimates absolute LV volumes compared to
MRIP®74 which could partly explain the AS’ overestimation of both LVEDV and LVESV at follow-up.

These data show that the admittance-based technique is valid for the assessment of cardiac function
in large animal models. Given the lack of correlation between echo- and PV-loop-based volume
measurements with the current systems, future studies ideally should combine the strength of either
echocardiographic or MRI based volume measurements with PV-loop specific parameters as functional

endpoints in cardiac large animal models.
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THE FUTURE OF STEM CELL THERAPY

It was concluded from the meta-analysis in chapter 3 that BMMNCs are not effective for cardiac repair
when data is pooled for MRI studies only. However, most studies to date were designed as safety and
feasibility studies and were underpowered to show efficacy. Currently larger trials are emerging in
the clinic that are well-powered to detect differences on cardiac function and clinical outcome. The
BAMI study, a phase lll clinical trial, funded by the European Union, which aims to include 3,000 AMI
patients, will render definite answers if BMMNCs are capable of preserving left ventricular function.
As stated before, new cells are entering the arena of cell-based cardiac repair. MSC and mesenchymal-
like stem cells, are currently taking over clinical trials, as is described in chapter 2. The positive results
of the Apollo trial have resulted in the development of the ADVANCE trial. In addition, the sheep MPC
study has resulted in the design of the phase I/Il AMICI trial in which 225 AMI patients will be treated
with allogeneic MSC as was described in chapter 8.

In the ADVANCE trial, inclusion of patients is limited to the level of CK-MB or Troponin T/l which is
related to infarct size. Patients with larger AMI are included in this study, whereas the AMICl is based on
an all-comers population. Although it is hypothesized that patients presenting with large myocardial
infarcts benefit most from cellular therapy?, our meta-analysis in this thesis revealed that infarct size
did not predict outcome (chapter 3). In addition, assessing this baseline LVEF takes valuable time that
is lacking in the AMICI protocol. Also, due to increasingly shorter door-to-balloon times in the Western
world, patients with significantly impaired LVEF following their first AMI are getting rare. This implies
that including only patients with an LVEF below 45-50% will slow down the inclusion of patients in this
study considerably. By investigating this all-comers anterior wall AMI population, patients with both
extensive and less extensive infarcts will be included, thereby providing valuable information on which

patients benefit most from cellular therapy.

The primary endpoint of the AMICI trial is the change in infarct size between baseline and 6 months
follow-up. It is believed that current pharmacotherapy following AMI reduces the pace of LV
remodeling, thereby preserving LVEF for a considerable time and exceeding the follow up time of
these stem cell studies. It is therefore believed that LVEF might not be the optimal end point in cell
therapy studies. Because myocardial salvage is believed to be the predominant working mechanism
of cell therapy in AMI, the cells will be delivered directly following the primary PCI. Directly following
MI, most cardiomyocytes are at risk for ischemia-reperfusion injury, therefore the anti-apoptotic and

cardioprotective properties of the MPC will be maximally utilized.

Alongside efficacy, also safety and clinical outcome are part of both trials. Both trials will help to get
inside whether MSC have a place in the clinic.

Next to MSC, many different cell types are investigated in clinical and preclinical trials to date, but the
puzzle of mending broken hearts is not yet solved. Cardiosphere-derived cells (CDC) are promising

cells that have the ability to transdifferentiate to cardiomyocytes and are currently evaluated in the
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ALLSTAR clinical trial in which AMI patients with significant cardiac dysfunction will receive allogeneic
CDC. Primary outcome will be change in infarct size additionally to safety endpoints. The first trial that
implemented CDC used autologous CDC. A shift towards allogeneic cells is noticeable in the field due

to reasons that are mentioned before.

Newer generations of cells, like the embryonic stem cells (ESC) and induced pluripotent cells (iPS) are
currently investigated in preclinical trials. There are still a lot of concerns related to ESC. First, ethical
issues and second, the ESC can become every cell in the body and is therefore teratogenic. Third, ESC
are not immune-privileged rendering additional immunosuppressive therapy necessary. iPS are more
promising as they lack ethical issues and immunology issues. It will probably take a decade to optimize
ESC or iPS therapy, therefore the most promising cells in the near future will be the allogeneic cells:
MSC, MPC or the CDC.

This thesis was set up to investigate new options for cell-based cardiac repair. Can we conclude after
this thesis that stem cells mend broken hearts? Currently, stem cell therapy seems to be promising for
heart repair, but many questions remain unanswered. With newer generations of cells types, hopes
are high hopes that damage after an AMI can be limited or reversed, but more preclinical and clinical
research is needed before stem cell therapy becomes a cornerstone in the treatment of patients with

ischemic heart disease.
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SUMMARY

Cardiovascular disease is still the number 1 cause of mortality in western societies. About half of the
cardiovascular deaths are related to coronary artery diseases. Acute myocardial infarction (AMI) which
is due to an occlusion of a coronary artery is the most common coronary artery disease. Treatment of
an AMI consists of acute revascularization in combination with optimal pharmacological treatment.
Despite advances in treatment options, heart failure that develops following an AMI cannot be
prevented. Therefore, the search for new therapeutic strategies is ongoing. In the past decade stem
cell therapy has emerged as a new strategy to treat an AMI and prevent the heart to fail.

In chapter 1, a general introduction of stem cell therapy is given and the aims and outline of the thesis
are described. Chapter 2 consists of a concise review of stem cell therapy to date. It gives an up-to-
date overview of stem cells applied in preclinical and clinical setting for the treatment of an AMI and
HF.

In Chapter 3, a random effects meta-analysis regarding stem cell therapy for the treatment of an AMI
was performed. The main analysis was aimed at the first generation bone marrow mononunclear cells
(BMMNC) and their effect on cardiac function and clinical outcome. Overall, intracoronary infusion
of BMMNC resulted in an improvement in left ventricular ejection fraction (LVEF) of 2.10%, but when
data was pooled and only studies that used MRI derived measurements were employed, the effects on
LVEF diminished. Moreover, no effects of BMMNC therapy were found on clinical outcome. This was in
contrast with existing literature in which data of AMI and HF patients was combined which could have
distorted the outcome in AMI patients. New generations of stem cells are entering the field of cell-
based cardiac repair and are slowly taking over the place of BMMNC. Also these cells were added in
the meta-analysis, but still no superiority of newer generations could be found which could be related
to the small number of clinical trials with these cells to date.

To investigate if BMMNC treatment is beneficial in HF, a random effects meta-analysis was performed
regarding this topic in chapter 4. It was concluded from this meta-analysis that BMMNC therapy
increased LVEF by almost +4% and even when studies were pooled for MRl solely, the effects on cardiac
function remained. Moreover, BMMNC therapy gave a reduction in all-cause mortality in HF patients.
However, the trials performed to date were not powered to detect differences in clinical outcome and
therefore true beneficial effects need to be further investigated in well powered randomized clinical
trials. Moreover new cells emerged that have more potential to repair the heart, like mesenchymal
stem cells.

Part 3 describes the role of adipose tissue-derived regenerative cells (ADRCs) that are mesenchymal-
like stem cells for the treatment of an AMI. In chapter 5, the isolation and injection protocol of ADRCs
is described. Significant numbers of ADRCs can be isolated out of as little as 200 ml adipose tissue that
can be obtained without any serious adverse events. After isolation, the cells can be administered via

intracoronary infusion or intramyocardial injection. Chapter 6 consists of the design and the results
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of the first-in-man Apollo trial in which the first patients were treated with intracoronary infusion of
autologous ADRCs within 24 hours following AMI. It was concluded that this was safe and feasible in
the acute phase following AMI. Although in these small patient numbers no statistically significant
effect on global LV function was found, significant improvements through 18 months follow up in
infarct size, perfusion defect, coronary flow reserve, and arrhythmia suggest a possible beneficial
effect. The obvious major limitation of this phase I/lla trial is the small sample size, although the study
has been performed in a randomized, double-blind fashion with analysis of imaging and holter end-
points by independent core laboratories.

An advantage of MSC is that they can be given in an allogeneic setting due to their immune-privileged
profile. Allogeneic transplantation has some benefits above autologous transplantation. It renders
painful harvesting procedures unnecessary, it can be directly given following an event and the cells are
derived from a healthy donor. Mesenchymal precursor cells (MPCs) are an immature subpopulation of
MSC that also have the same abilities. In chapter 7, allogeneic MPCs are investigated in a sheep model
of anterior AMLI. In the first part of this study, infusion parameters were optimized and the maximum
dose of MPCs was determined. MPC therapy was safe when the infusion rate was maintained low
and the maximum of infused cells was 37.5 million. In the second part the efficacy and mechanism of
action were investigated in 68 female sheep, that were subjected to an anterior AMI whereupon MPCs
or placebo solution were infused. Overall MPC infusion resulted in preservation of left ventricular
dimensions and volumes. Moreover infarct size was reduced, angiogenesis was enhanced and more
proliferating cardiomyocytes were detected. Nonetheless no effects were seen on activation of
endogenous cardiomyocytes. The promising results of this preclinical trial have resulted in the AMICI
study of which the design is described in chapter 8. In this first in man trial, allogeneic MPCs will be
intracoronary administered following AMI in 225 patients. The primary endpoint is change in infarct
size as measured by cardiac MRI between baseline and 6 months follow-up. The study is initiated in
2013 and the first patients are included.

Currently, the proposed working mechanism of stem cell therapy is based on the release of paracrine
factors by the stem cells. Unfortunately, retention and survival of stem cells in the myocardium is
poor. To prolong the release of beneficial paracrine factors to the myocardium, mesenchymal stem
cells were encapsulated in an alginate shell (CellBeads). The encapsulated human MSC are chosen
based on their expression profile of paracrine factors. The MSC inside the beads are immortalized
and transfected to produce glucagon-like peptide-1 (GLP-1) which has cardioprotective effects.
Encapsulated MSC (eMSC) are intracoronarily infused whereupon they get stuck in the pre-capillary
coronary bed where they behave like ‘micro-factories’ for the production of paracrine factors and their
fusion protein GLP-1. In chapter 9, the safety and feasibility was investigated of intracoronary infusion
of an incremental dose of encapsulated MSC. In the first phase of the study 4 pigs were subjected to
infusion of up to 160,000 eMSC. It was found that coronary flow impeded when more than 90,000
eMSC were infused. This value was the cut-off value in part 2 of this study in which 21 pigs were
randomized to receive a control solutions, 60,000 eMSC without cells (empty beads) or 60,000 eMSC

following an acute myocardial infarction. The animals were sacrificed at 2 and 7 days and hearts were
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explanted for histological and qPCR analysis. It was concluded that intracoronary infusion of eMSC
is safe and feasible. Encapsulated MSC were targeted in the infarct area and no shedding to remote
myocardial segments or remote organs occurred. The MSC inside the beads remained viable for 7 days
and they were still secreting GLP-1 fusion protein.

The promising effects of the pilot study resulted in the design of a large preclinical study in which 100
pigs were subjected to an AMI and infusion of eMSC or placebo solution as described in chapter 10.
In the first study, 50 pigs underwent a posterolateral infarct whereupon the pigs were randomized to
receive 20,000 eMSC, 40,000 eMSC, 60,000 eMSC or placebo control. Cardiac function was assessed by
echo and pressure-volume loop analysis. 8 weeks after infarct induction and eMSC treatment, animals
were sacrificed and the hearts were processed for further analysis. Only a trend was observed on LVEF
in the 20,000 eMSC group. Infarct size calculations revealed that even in control animals, infarct size
was only 10%. When infarct size is limited, the treatment effect of a product could be underestimated.
In the second phase of this study, an anterospetal infarct was induced in 50 pigs whereupon the
animals were randomized to receive 10,000 eMSC, 20,000 eMSC, 40000 eMSC or a control solution.
The rest of the study was comparable with the first study. It was found that the intracoronary infusion
of 20,000 eMSC resulted in an significant improvement in LVEF and a preservation in LV end-systolic
volume. Moreover end-systolic pressure volume relationship, a measure for cardiac contractility,
was improved in all animals that were treated with eMSC, which could indicate strengthening of the
myocardium by the eMSC. On histological analysis, arteriole density was improved in all eMSC treated
animals and capillary density was improved in the 20,000 eMSC group. This effect could be due to the
release of paracrine factors that enhance neo vessel formation. Also, infarct size was lower in animals
treated with 20,000 eMSC, most likely due to a decrease in apoptosis in the early phase after the AMI
by the release of anti-apoptotic GLP-1. Noteworthy, no effect was detected in the 10,000 and 40,000
CellBeads group. Overall, encapsulated MSC are an interesting new platform to deliver stem cells and
therapeutic proteins to the heart following an ischemic event.

To translate preclinical research to the clinic, appropriate animal models need to be applied that are
reproducible and representative for the human situation. Acute myocardial infarct and heart failure
are dynamic processes that cannot be mimicked by computer models. Chapter 11 described the
comparison between ischemia-reperfusion at two different sites in the porcine heart. In one group,
the left circumflex artery was occluded for 150 minutes, in the other group an anterospetal occlusion
was made by occlusion of the left descending coronary artery for 150 minutes. Cardiac function was
assessed by echocardiography during at several time points during follow-up. An anteroseptal infarct
resulted in a significant decrease in LVEF and an increase in LV volumes. Moreover myocardial strain
deteriorated in in the LAD animals. This rendered the conclusion that an anteroseptal infarct is more
appropriate for preclinical investigation of ischemia-reperfusion and new therapeutic options for AMI
and HF than the LCx model.

Assessment of cardiac function in preclinical trials has to be performed by modalities that are
consistent, easy to use and precise in assessing cardiac function. Cardiac MRI is still the golden

standard in the assessment of cardiac function and volumes, but MRI analysis in the preclinical
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research is often not feasible due to logistic reasons and the costs related to the procedure. In chapter
12 two PV-loop systems that work via admittance and conductance respectively, are compared to each
other and to 3D-echocardiography in their assessment of LVEF and LV volumes in the healthy heart
and infarcted heart. It was concluded that admittance based PV-loop showed a good correlation with
3D-echocardiography in the healthy heart, but correlated less in the infarcted heart. Conductance PV-
loop performed less opposed to admittance PV-loop.

In Chapter 13, the findings of this thesis are evaluated and placed into the context of existing literature.
Furthermore, future perspectives on the potential role of stem cell therapy for the treatment of AMI

of HF are described.
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DANKWOORD

Het schrijven van dit dankwoord is een van de laatste dingen die ik doe in mijn torenkamertje op de
23 verdieping. Terwijl ik nog een laatste keer geniet van het uitzicht op de Erasmusbrug, overdenk ik
de laatste 4,5 jaar. Ik kan bijna niet geloven dat het al 5,5 geleden is, dat ik voor het eerst binnenstapte
in het moleculaire cardiologie lab, eerst voor een afstudeer onderzoek, iets later voor mijn PhD. Aan de
ene kant was onderzoek doen een rollercoaster ride, maar soms leek de tijd wel stil te staan en leek het
erop alsof het eindstation, de dag van mijn promotie, nooit zou komen. Nu die dag toch snel dichterbij
komt, is de tijd daar om mensen te bedanken. Zonder de hulp van anderen was dit proefschrift nooit

tot stand gekomen.

Al eerste wil ik graag mijn promotor, Professor Zijlstra, bedanken. U bent niet vanaf het begin betrokken
geweest bij mijn promotie, maar pas in de laatste 2 jaar betrokken geraakt bij dit traject. U heeft mij in

de laatste fase van dit traject goed geholpen en ik kon altijd voor vragen bij u terecht, bedankt hiervoor.

Dr. Duckers, Beste Eric, mijn copromotor, bedankt dat je mij hebt vrijgelaten om mijn eigen weg te
vinden in de wetenschappelijke wereld. Ik hoop dat je overstap naar Utrecht geslaagd is en dat veel

succesvolle onderzoeken zullen volgen. Veel succes in de toekomst!

Dr. Hoefer, Beste Imo, mijn copromotor uit het UMC, bedankt voor de afgelopen 4 jaar. Jij was mijn
aanspreekpunt voor als er iets was met de varkens en je hebt me altijd goed geholpen indien ik vragen
had. Daarbij waardeer ik het erg dat alles wat ik naar je opstuurde snel werd nagekeken en dat het terug
kwam met heldere correcties en wijzigingen. Naast het werk, was je ook vaak in voor een etentje of

borrel. Ik wens je veel succes in de toekomst met de nieuwe onderzoekers en studies.

Beste professor Pasterkamp, Beste Gerard, Bedankt voor het plaatsnemen in de leescommissie en de

waardevolle adviezen gedurende de afgelopen 4 jaar.

Voor het deelnemen in de leescommissie wil ik ook graag professor Duncker en professor Laman
bedanken. Ik waardeer de correcties en de adviezen ten zeerste. Professor Laman, bedankt dat u na
het corrigeren van 3 proefschriften van de experimentele cardiologie nog zin had in het corrigeren van

een vierde.

Dear professor Lewis, dear Andy, It is an honor that you are attending my PhD defense. | learned a lot
during the CellBeads project. It was really a pleasure to work with you and the team of Biocompatibles.

| always enjoyed our meetings and diners. All the best in the future.

Beste professor Boersma, Beste Eric, bedankt voor uw inzichten en hulp op statistisch gebied en het

plaatsnemen in de grote commissie.

Beste professor Stolker, bedankt voor het opponeren tijdens de promotieplechtigheid. Ik kijk heel erg

uit om te beginnen met de opleiding tot anesthesioloog!
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Jaco Houtgraaf, inmiddels Dr. Houtgraaf, Lieve Sjaak waar moet ik beginnen... Als ik een copromotor
had mogen kiezen dan was jij dat geweest en jij had die titel definitly verdient met mijn promotie. Nu
zal je het moeten doen met paranimf. Ik ken je inmiddels al weer bijna 6 jaar, sinds ik je student was
bij de schapen studie heb ik veel van je geleerd. Ik kon altijd bij je terecht voor vragen en hulp, of het
nu over schapen, varkens, cardiologie of over de opzet van een paper ging, je was er altijd voor mij. Ik
vind het jammer dat je naar het Maasstad vertrokken bent en ik mis ons koffiekwartiertje. Naast een
goede collega ben je inmiddels ook mijn beste vriend geworden dus ik weet zeker dat wij elkaar in de
toekomst nog vaak gaan zien in de kliniek of voor een wijntje. Ik hoop dat je je draai hebt gevonden in

het Maasstad. Verder wens ik je als het geluk van de wereld met Anna en de kinderen.

Geert (van Hout), iets meer dan 2 jaar geleden kwam je het CellBeads team versterken. |k was erg
blij met je komst. Je pakte alles snel op en was snel ingewerkt. Ik ben er van onder de indruk hoe
geconcentreerd en nauwkeurig je werkt! Bedankt voor al je inzet, je hulp en je optimisme (die ik
weleens kwijt was) Ik weet zeker dat jij het zeer ver gaat schoppen binnen de cardiologie en dat je een

uitstekende cardioloog gaat worden! Veel succes met het afronden van je promotie en je opleiding!

Dear Dr Wallrapp and Dr Holden, dear Christine and Rachel, Thank you for the cooperation on the

CellBeads project. Thank you for the valuable input during our meetings. All the best for the future!

Dan mijn lieve collega’s van 2389. Ik kan bijna niet geloven dat het alweer bijna 6 jaar geleden is dat ik
voor het eerst bij jullie binnen liep. Ik heb het altijd erg gezellig gevonden met jullie. Bedankt voor de

hulp, gezelligheid en de leuke borrels.

Dennie, bedankt voor je inzichten betreffende het onderzoek, maar met name bedankt voor de
gezelligheid tijdens borrels, met als uitschieter de BMM borrel, de kikkermove voor de BMM baas zal ik

nooit vergeten (net als de Macarena).

Lau bedankt voor je hulp in het lab met qPCR en kleuringen en je lekkere kookkunsten tijdens de lab

borrels!

Esther (Candy crush Queen®) bedankt voor al je hulp in het lab, het mee-begeleiden van de studenten,

het uitspelen van lastige candy crush levels en je gezelligheid!

Stijn heel erg bedankt voor je inzet bij de klinische studies. Zonder jou was het nooit gelukt. Alles was

altijd vlekkeloos geregeld voor de patienten! Succes verder met je nieuwe bedrijf!

Carolien bedankt voor je wetenschappelijke inzichten en hulp. Ik hoop dat je het naar je zin het in
Utrecht.

Petra, toen je bij ons begon dronk je alleen maar Martini’s, gelukkig hebben onze tijd uiteindelijk toch

nog kunnen afsluiten met wijn! Zet hem nog even op! Het grootste gedeelte zit er nu ook op voor jou ©.
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Ishin, aka Mr chrifi! Ik mis onze gesprekken en koffiepauzes nu al! Zet hem op nog even! Eens is deze
dag ook daar voor jou. Net als voor Maarten. Ook jij bedankt voor de gezellige lunches en borrels! Veel

succes in Utrecht en met je aanstaande vrouw!
En Chris, al begonnen met je promotie? Zo ja veel succes daarmee!

Lizanne heel erg bedankt voor al je hulp in het lab met de histologie! Zonder jou had ik het allemaal niet

af kunnen krijgen. Veel plezier met je nieuwe werk!

Remco, gewaardeerde collega, wat heb ik met jou gelachen! Ik ben zo blij dat je promotie ook tot
een goed einde gebracht is! Heel veel succes in de toekomst! Je wordt zeker weten een uitstekende

microbioloog!

Dr den Dekker, Wijnand, wat was jij altijd goed bezig in het lab! Heel veel succes met je verdere

cardiologie opleiding, maar dat gaat zeker goedkomen.

Ex-kamer 2389 genoot, Jeroen Huizingh, bedankt voor je hulp met de varkens en het lab werk! En

gefeliciteerd met je verloving!

Ex-roomy Dr. Takashima, dear Shin, | hope you are doing fine in Japan. Thank you for the cooperation in

the last years. All the best for you and your family!

Ook wil ik mijn kamergenootjes van 2389a niet vergeten, Tuncay en Nienke. Wat zijn jullie allebei

gedreven! Het was gezellig met jullie. Ik ga jullie vast terug zien in de kliniek!

Natuurlijk ben ik ook de andere collega’s van de 23 niet vergeten. Wat heb ik veel plezier met jullie
gehad. Bedankt voor alles: Andre, Vincent, Mieke, Bianca, Richard, llona, Stefan, Marion, Yanti, Elza,

Roy, Rob, Liesbeth, Heleen, Daphne en Oana.
Marc Bedankt voor het luisterend oor, gezelligheid en je adviezen.

Martine (Selamat datang!) bedankt voor je gezellig op het lab en zeker de onvergetelijke trip naar

Indonesie

Nu wil verder met de mensen uit mijn derde huis: het GDL. Lieve Joyce, Marlijn, Cees en Merel, ondanks
dat ik blij ben dat het varkenswerk er voor mij op zit, mis ik jullie gezelligheid wel. Ik heb het altijd erg
leuk met jullie gehad. Ik ben jullie zo dankbaar voor jullie inzet tijdens de studies. Niets was te veel
gevraagd, alles kon! Ik vind het erg leuk dat jullie me meevroegen voor etentjes en de Mudd Masters.
Ik hoop dat dat ook in de toekomst af en toe zo blijft. Joyce, veel geluk voor jou en je kleine meid(die
inmiddels al best groot wordt)! Marlijn, je hebt ongelooflijk veel in je mars, maak daar gebruik van. Veel
geluk verder. Cees (yo-ho, yo-ho dat vindt tie lekker) bedankt voor alles en ik hoop dat je heerlijk van je
pensioen aan het genieten bent! Merel inmiddels ook niet meer bij de varkens maar succes verder en

veel geluk met je paardjes en Clive.
Evelyn, bedankt voor je hulp en je engelengeduld met het inplannen van de varkens.

Meringa, ook al ben je al een tijdje weg uit het GDL, wil ik je toch bedanken voor je gezelligheid, inzet en

hulp! Veel geluk met alles wat je gaat doen.
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Grace en Martijn, Ik heb niet zo lang met jullie gewerkt maar zelfs in de korte tijd hebben jullie veel

bekwaamheid laten zien. Het beste verder!
Andere collega’s uit het GDL bedankt!
Beste dierenverzorgers, dank voor jullie goede zorgen voor alle varkentjes en schapen.

Natuurlijk mag ik de belangrijkste ex-bewoners van het GDL niet vergeten, de varkens en de schapen.
Harry 1-88 bedankt dat jullie zo goed meewerkten tijdens het allogene MPC onderzoek. Eddy 1-200

(ongeveer), zonder jullie was het CellBeads project onmogelijk.

Andere collega’s van het GDL die ik zeker niet wil overslaan, Frebus, Fatih, Tycho, Stefan, Rene, Daphne,

Sanne, David, Ben en Glenn: bedankt voor de gezelligheid en het uitwisselen van varkens ervaringen.

Van Het UMCU nu weer terug naar het EMC. Tijdens het traject heb ik ook meerdere studenten begeleid
die ik wil bedanken voor hun inzet. Ten eerste Kushan Kazemi. Kushan, inmiddels ook dokter en in de

race om AlOS cardiologie te worden! Je werkt hard, je bezit veel kennis en je gaat er zeker wel komen!

Tirza, thank you for your help on the CellBeads project. Keep in mind that you can reach every goal in
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