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Abstract

Growing evidence from animal and clinical studies suggests that cardiac cell
therapy can restore perfusion and improve function in the ischemic/infarcted
myocardium. However, cell therapy is hindered by insufficient cell numbers, inefficient
cell homing and engraftment, and inadequate cellular interactions. Furthermore, the
biological mechanisms and local effects of transplanted cells have not been well-
elucidated. The research presented herein attempts to address some of these issues.

In manuscript #1, a new subpopulation of circulating progenitor cells (CPCs),
termed derived CD133" cells, was generated from the CD133 fraction of human
peripheral blood. The derived CD133" progenitors appeared to have superior
vasculogenic potential in vitro, which may prove to be beneficial in inducing
vasculogenesis in ischemic tissues.

Positron emission tomography (PET) with direct cell labeling and reporter gene
techniques were employed to assess the fate of transplanted human CPCs in vivo at
different subjects of investigation, and different stages of cell transplantation. In
manuscript #2, PET imaging with 2-[*®F]fluoro-2-deoxy-D-glucose (**F-FDG) direct cell
labeling was used to demonstrate that collagen-based matrices improve the early homing
and retention of delivered CPCs in a rat ischemic hindlimb model. This mechanism
conferred by the matrix may have implications on cell therapy at the early stages after
transplantation.

In manuscript #3, a more efficient, stable and accurate labeling method,
hexadecyl-4-[®F]fluorobenzoate (**F-HFB) direct cell labeling, was developed to

quantify cell distribution of transplanted CPCs in a rat myocardial infarction model. PET



imaging of ‘®F-HFB-CPCs revealed significant cell washout from the myocardium
immediately after intramyocardial injection, with only a small proportion of transplanted
CPCs remaining in the target area in the first 4 hours after delivery.

In manuscript #4, human CPCs transduced with lentiviral vectors showed stable
expression of PET reporter genes. This reporter gene based-cell labeling technique can be
developed for noninvasive tracking cells within a bioengineered matrix by PET, while
preserving cell phenotype, viability and function.

These studies contribute important insights into the biology and physiology of
transplanted stem cells and the ability of delivery matrices to improve transplanted cell
engraftment, survival, and function. | believe with further refinement, cell expansion,
tissue engineering and PET imaging could facilitate the clinical applications of cell

therapies in years to come.
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CHAPTER 1: GENERAL INTRODUCTION




1.1 Cardiac Cell Therapy

Coronary artery disease (CAD) is a complex disease that is caused by reduced or absent
blood flow in one or more of the arteries that encircle and supply the heart (Jaffe et al.
2007). Since the adult myocardium has a limited capacity for self-repair, CAD may result
in irreversible tissue loss, ventricular remodeling and progression to heart failure. CAD
and its complications are the number one cause of morbidity and mortality in the Western
world. Despite considerable advances in cardiovascular therapeutics over the past few
decades, our ability to effectively treat CAD and subsequent heart failure remains
restricted because the necrotic or scarred myocardium cannot be restored. Since 1994, an
experimental treatment called “cardiac cell therapy” has emerged (Soonpaa et al. 1994),
in an attempt to mimic the natural processes that occur during growth and development,
namely the formation of new blood vessels and new cardiomyocytes (Leor et al. 1997;
Mayer et al. 1997). It is hoped that the new cells will replace the damaged ones, thus
effectively restoring perfusion and function to the heart (Pittenger et al. 2004; Ruel et al.
2004; Cho et al. 2006). Growing evidence from animal studies and clinical trials has
indicated that stem cell or progenitor cell therapy can improve the function of ischemic or
infarcted myocardium (Assmus et al. 2002; Wollert et al. 2004). This has led to even
greater interest in cardiac cell therapy, with the goal of safely and successfully restoring

perfusion and/or improving contractility to the injured myocardium (Ruel et al. 2008).

1.1.1 Cell Sources and Cell Types

An ideal cell population for repairing the damaged heart should be readily available,
capable of myogenesis and neovascularization, positively affect regional and global
ventricular remodeling, and not lead to unwanted side-effects. Undifferentiated adult
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stem or progenitor cells may be a good candidate for cardiac cell therapy due to their high
plasticity, their physiologic involvement in vascular and tissue repair (Kawamoto et al.
2001; Edelberg et al. 2002; Balbarini et al. 2007), and their availability for autologous
clinical use (Strauer et al. 2002).

Stem cells are defined as precursor cells that possess the capability for
proliferation and self-renewal and the ability to regenerate multiple cell types, including
cardiac myocytes, endothelial cells and vascular smooth muscle cells (Krause et al.
2001). Like stem cells, progenitor cells also have differentiation potential, but are more
restricted than stem cells in their multipotentcy and are programmed to differentiate
towards a specific cell lineage (Seaberg et al. 2003). The most important difference
between stem cells and progenitor cells is that stem cells can replicate indefinitely (Zeng
et al. 2008), whereas progenitor cells can only divide a limited number of times (Islam et
al. 2007). Several different types of adult stem or progenitor cells have been identified
and used for improving cardiac function after myocardial ischemia and infarction,

although it remains unclear which of these cells have the greatest therapeutic potential.

1.1.1.1 Skeletal Myoblasts

Cell-based cardiac repair began with the transplantation of autologous skeletal myoblasts
or satellite cells that reside in skeletal muscle. Some clinical case-reports suggest that
skeletal myoblast therapy may improve clinical symptoms and ventricular function
(Menasche et al. 2001; Herreros et al. 2003; Siminiak et al. 2005); however, the
transplanted myoblasts remain committed to a skeletal muscle fate, do not differentiate

into cardiomyocytes (Reinecke et al. 2002), and lack the adhesion and gap junction



proteins necessary to electrically couple the cells to the surrounding myocardium, thus

posing a risk of arrhythmia (Reinecke et al. 2000).

1.1.1.2 Bone Marrow-derived Stem Cells

At present, adult bone marrow and peripheral blood are the most frequent sources of stem
and/or progenitor cells used for clinical cardiac repair due to their autologous nature and
simplicity of acquisition (Dimmeler et al. 2005). The bone marrow is a rich reservoir of
tissue-specific stem and progenitor cells, and these cells can be released into circulating
peripheral blood. A number of papers reported that bone marrow cells may serve as a
central repository for the primitive stem cells that can repopulate somatic tissues (Krause
2002; Orlic et al. 2002); therefore, most of the recent studies of cell-based therapy have
focused on bone marrow-derived cell populations. Bone marrow-derived stem cells
contain a complex assortment of adult stem and progenitor cells, including hematopoietic
stem cells (HSCs), endothelial progenitor cells (EPCs), and mesenchymal stem cells
(MSCs), which may retain the ability to differentiate into vascular cells, and thus in
theory might incorporate directly into the wall of newly formed or remodeled vessels
(Kinnaird et al. 2004). Bone marrow-derived cell therapy has thus far proven safe and
potentially beneficial (Wollert et al. 2004; Drexler et al. 2006), but the cells' intrinsic
regeneration potential is controversial.

Bone marrow-derived progenitor cells from adult peripheral blood are called
circulating progenitor cells (CPCs). These cells share characteristics of HSCs, such as
expression of CD34. CD133 (also known as AC133, or prominin-1), as a marker for stem
and immature progenitor cells, has also been adopted (Yin et al. 1997). Since CPCs

contain cells expressing the endothelial markers such as vascular endothelial growth



factor receptor 2 (VEGFR-2) and capable of differentiating into endothelial cells in vitro
and inducing neovascularization in animal models, they have also been referred to as
circulating EPCs in some cases. Circulating EPCs are a specialized subset of
hematopoietic cells found in the peripheral circulation (Asahara et al. 1997). With their
varied sources of procurement, derivation, and methods of culture, circulating EPCs share
expression of cell-surface markers that may or may not include CD31, CD34, CD133, c-
kit, and other endothelial markers, including VEGFR-2 and vascular endothelial (VE)-
cadherin (Urbich et al. 2004). CD133, VEGFR-2 and CD34 are often used as markers for
selection and purification of EPCs because CD133 is not found on mature endothelial
cells, and VEGFR-2 and CD34 are not found on the undifferentiated stem cells from

which EPCs are derived (Hristov et al. 2003).

1.1.1.3 Adipose-derived Stem Cells

Adipose tissue is an additional source of distinct subsets of stem/progenitor cells
potentially useful for cardiac repair and neovascularization (Meliga et al. 2007). Both
MSCs and EPCs have been isolated after enzymatic digestion of adipose tissue (Colazzo
et al. 2010), and showed beneficial effects in animal and clinical studies (Mazo et al.
2008; Mizuno 2010). The acquisition of adipose tissue can be performed in greater
guantities than other source tissues. Although relatively rare at onset, clinically relevant
stem cell numbers can be extracted from isolated adipose tissue since it possesses a
higher stem cell proliferation rate than bone marrow-derived MSCs (Wagner et al. 2005).
Therefore, adipose tissue represents an abundant, practical, and appealing source of donor
tissue for autologous cell replacement. The therapeutic benefit of adipose-tissue derived

cells is currently being studied in CAD patients (APOLLO trial, NCT00442806;



PRECISE trial, NCT00426868), and the techniques to isolate and purify potent cells will

need to be optimized if clinical use is to evolve.

1.1.1.4 Cardiac Stem Cells

It was originally thought that the heart was incapable of regeneration or repair, but
recently, it was reported that the mammalian myocardium includes a small proportion of
stem cells that express cell-surface markers c-kit, stem cell antigen-1 (Scal), islet-1 (Isl1)
or stage specific embryonic antigen-1 (SSEA-1) (Beltrami et al. 2001; Smith et al. 2008).
The discovery of cardiac stem cells (CSCs) offers the potential for in vivo induction of
proliferation and differentiation of these cells, which are poised to acquire a cardiac
phenotype and, therefore, might be optimally suited for cardiac repair. Human CSCs can
be isolated and expanded from myocardium obtained by a endovascular biopsy
procedure; however, they possess an extremely low rate of myocardial cell turnover
(Barile et al. 2007). Recently, several groups have reported that CSCs can generate
cardiomyocytes and/or vascular lineages in vitro and in vivo (Beltrami et al. 2003; Oh et
al. 2004). Additionally, after specific culture, CSCs spontaneously organized into
spherical multicellular clusters, thus named cardiospheres. The bromodeoxyuridine
assessment indicated that c-Kit" population increased as cellular proliferation occurred
within the core of the cardiosphere (Smith et al. 2008). Cardiosphere-derived CSCs as
well as c-Kit" CSCs are capable of long-term self-renewal and can differentiate into the
major specialized cell types of the heart, i.e. cardiac myocytes and vascular cells that
express either endothelial or smooth muscle cell markers. CSCs can be clonally expanded
for autologous use and have minimal risk of immune rejection or teratoma formation,

thus CSCs might be a logical cell source to use in the treatment of heart disease. Some



clinical trials are underway (Caduceus trial; NCT00893360), but no published results are

available yet.

1.1.1.5 Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPS cells) are a type of pluripotent stem cell artificially
derived from a non-pluripotent cell, typically an adult somatic cell, by inducing "forced"
expression of certain genes, including octamer-binding transcription factor (Oct3/4), sex
determining region Y- box2 (Sox2), kruppel-like family of transcription factor 4 (Klf4),
and c-Myc (Takahashi et al. 2007; Wernig et al. 2007; Lowry et al. 2008; Park et al.
2008; Moretti et al. 2010). Human iPS cells are believed to be identical to natural
pluripotent stem cells in many respects, such as morphology, proliferation, surface
antigens, gene expression, and telomerase activity (Okita et al. 2007; Yu et al. 2007; Park
et al. 2008; Kattman et al. 2011). One study showed that iPS cells generated from human
adult somatic cells can differentiate into cardiac myocytes in vitro (Duinsbergen et al.
2008). It was also reported that the intramyocardial injection of iPS cells achieved the
regeneration in infarcted myocardium and the improvement of cardiac function (Nelson
et al. 2009). Therefore, iPS cells may be a cell of choice, offering the additional benefit of
individual, patient-specific cells (Smart et al. 2008). However, the full extent of their
relation to natural pluripotent stem cells and their preclinical applicability for cardiac

regeneration are still being assessed (Yu et al. 2007).

1.1.2 Potential Mechanisms Underlying the Benefits of Cardiac Cell Therapy

A crucial issue in designing more rational approach for cardiac cell therapies is to

understand the mechanisms by which stem cells or progenitor cells affect myocardial



performance. The exact mechanism(s) is still incompletely understood, but seem
multifactorial. A number of studies have suggested that neovascularization and possible
cardiomyogenesis might be involved in the functional benefits observed with cell
delivery (Orlic et al. 2001; Oh et al. 2003). Alternatively, several studies have provided
evidence that paracrine effects are the principal mechanism responsible for the observed

improvements in cardiac function following cell therapy (Maltais et al. 2010).

1.1.2.1 Cell Homing

The "homing" of stem cells to the injured myocardium is essential for cell therapy, as it
concentrates the transplanted cells in an environment that may guide their growth and
function. Cell homing is a complex cascade of events, including the initial recognition
and interaction with microvascular endothelium, transmigration through the endothelium
and, finally, migration to and invasion of the target tissue (Smart et al. 2008). The whole
process relies on the interaction between cytokines, chemokines, adhesion molecules, and
extracellular matrix (ECM)-degrading proteases. The capacity of stem cells to migrate
and invade may be pivotal to functional integration even when cells are injected directly
into the site of injury (Smart et al. 2008). Additionally, ischemia and hypoxia may
facilitate the homing process by increasing vascular permeability, enhancing the release
of chemoattractive factors, and promoting the expression of adhesion proteins (Perin et

al. 2003).

1.1.2.2 Cell Differentiation and Cell Fusion

Cell differentiation is the process by which stem cells or progenitor cells become a more

specialized cell type (e.g. cardiomyocyte, endothelial cell or smooth muscle cell). If stem



cells are indeed transformed into solid-organ-specific cells, the exogenous cell must
become an integral morphologic part of the newly acquired tissue (Korbling et al. 2003).
However, some studies cast doubt on the potential of cells derived from the
hematopoietic lineage to undergo transdifferentiation (Anderson et al. 2001; Balsam et al.
2004). Meanwhile, the results of recent studies on the plasticity of stem cells contradict
the dogma that the differentiation and commitment of adult stem cells are restricted to
their original tissue (Graf 2002; Korbling et al. 2003). Additionally, others demonstrated
that the multipotent stem or progenitor cells appear to have the capability of
differentiating into endothelial and smooth muscle phenotypes, but rarely can they adopt
a cardiomyocyte phenotype (Alvarez-Dolado et al. 2003; Boodhwani et al. 2006). The
fusion of transplanted stem cells with resident cardiomyocytes has been offered as an
alternative explanation for previous claims of transdifferentiation (Alvarez-Dolado et al.
2003; Balsam et al. 2004; Murry et al. 2004; Nygren et al. 2004). Cell fusion appears to
account for the presence of transplanted cells in the heart that show donor characteristics

to some extent, but not completely (Orlic et al. 2002).

1.1.2.3 Paracrine Effects

To maintain engraftment and survival in host myocardium, implanted cells may release
bioactive growth factors in a paracrine manner to stimulate neovascularization and
cardiomyogenesis. It has been demonstrated that stem cells secrete cytokines and growth
factors which may promote angiogenesis, inhibit cardiac apoptosis, modulate interstitial
matrix remodeling, and recruit endogenous stem cells (Kamihata et al. 2001; Kinnaird et
al. 2004; Meyer et al. 2007). For instance, EPCs showed a marked expression of growth

factors such as vascular endothelial growth factor (VEGF), fibroblast growth factor



(FGF), hepatocyte growth factor (HGF), and insulin-like growth factor 1 (IGF-1). The
release of growth factors in turn may influence the classical process of angiogenesis,
including the proliferation, migration, and survival of mature endothelial cells (Urbich et
al. 2004). These cytokines may even recruit circulating stem or progenitor cells and
activate resident CSCs, which can then themselves become new blood vessel cells and
myocytes (Orlic et al. 2001; Jiang et al. 2002; Fazel et al. 2006). Paracrine factors may
also supress the death of resident cardiomyocytes, affect remodeling, or enhance

endogenous repair (Dimmeler et al. 2005; Uemura et al. 2006).

1.1.2.4 Neovascularization

Generally, neovascularization relies on either vasculogenesis or angiogenesis in which
one mechanism involves the participation of donor stem cells in the formation of new
vessels by incorporating into the newly forming vessel wall (Asahara et al. 1997).
Neovascularization can be mediated by the physical incorporation of stem or progenitor
cells into new capillaries or by perivascular accumulation of stem cells (Kawamoto et al.
2003; Suuronen et al. 2007). Adult circulating EPCs that originate in the bone marrow
and circulate in peripheral blood play an important role in angiogenesis and
vasculogenesis in the ischemic and infarcted heart (Kawamoto et al. 2003). EPCs can be
recruited to injured area, where they differentiate into endothelial cells and proliferate to
form vasculature (Urbich et al. 2004). Furthermore, transplanted stem cells may release
growth factors (paracrine effects) that promote angiogenesis by acting on mature
endothelial cells (Rehman et al. 2003; Urbich et al. 2005). Some studies indicated that the

paracrine effects play a major role in neovascularization, which can be sustained by host-
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generated cytokines even after the transplanted cells disappear (Burst et al. 2010 ; Cho et

al. 2007).

1.1.2.5 Cardiomyogenesis

One aim of cardiac cell therapy is to replenish the injured myocardium with contractile
elements. However, cell therapy with adult progenitor cells has only had limited success
in generating substantial numbers of nascent cardiomyocytes and their functional
integration in the myocardium (Lee et al. 2010). Although CSCs have greater potential
for cardiomyogenesis (Beltrami et al. 2003; Hosoda et al. 2011), there is no convincing
evidence for the formation of new cardiomyocytes by transdifferentiation of bone
marrow-derived cells and other adult progenitors. In addition, most recently, some studies
reported that iPS cells can differentiate into functional cardiomyocytes in vitro
(Quattrocelli et al. 2011), thus the use of iPS cells for myogenesis of injured myocardium

is currently under investigation.

1.1.2.6 Modulation of Ventricular Remodeling

Many animal studies and clinical trials indicated that cell therapies can increase wall
thickness and prevent ventricular dilation (Taylor et al. 1998; Etzion et al. 2001; Jain et
al. 2001; Muller-Ehmsen et al. 2002). Thus, the attenuation of adverse ventricular
remodeling may represent a significant component of the benefits conferred by implanted
cells. Post-infarct ventricular remodeling involves complex adaptive and maladaptive
changes in the ECM (Laflamme et al. 2007), which are thought to contribute to
myocardial dysfunction (Lindsey et al. 2003). MSCs were shown to directly attenuate

cardiac fibroblast proliferation and collagen synthesis via the release of paracrine factors
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in vitro (Ohnishi et al. 2007). However, it is unclear whether the stem cell-mediated
decrease in fibrosis is a secondary effect limited to cardiomyocyte apoptosis, or whether

stem cells have a direct effect on ECM remodeling.

Regardless of the exact mechanism(s), the delivery of stem/progenitor cells
appears to increase tissue perfusion and improve cardiac function (Figure 1-1). When
discussing the mechanisms considered for improving functional recovery, it might be
essential to distinguish between the target patient populations (e.g. acute infarction versus
chronic ischemia), in order to target different pathophysiological processes (Dimmeler et

al. 2008).
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Figure 1-1: Proposed processes mechanisms involved in cell therapy for heart
disease.

Stem/progenitor cells may improve cardiac function by various potential mechanisms,
including cell homing, cell differentiation, cell fusion, and paracrine effects. Initial cell
homing is considered to be the primary mechanism of action of cell therapy.
Subsequently, cell differentiation and fusion have been demonstrated to account for many
instances of presumed de novo formation of blood vessels (neovascularization) and
myocardium (cardiomyogenesis). Many now believe that the paracrine effects of
transplanted cells on injured myocardium are the major driver of cardiac functional

benefits.

13



1.1.3 Clinical Application of Cardiac Cell Therapy

Both acute myocardial infarction (AMI) and chronic myocardial ischemia may result in
congestive heart failure (CHF). Based on several animal studies, the introduction of stem
and/or progenitor cells into the peri-infarct or infarct region provides a means to facilitate
revascularization and improve cardiac function. Most clinical trials so far have been

performed in patients with CAD (Table 1-1).

1.1.3.1 Acute Myocardial Infarction

Recent randomized clinical trials provide the evidence that cell therapy may work in AMI
patients.The Transplantation of Progenitor Cells and Regeneration Enhancement in Acute
Myocardial Infarction (TOPCARE-AMI) study indicated improvement in ventricular
function and regional wall motion of the infarct zone at 1 year after intracoronary
infusion of either bone marrow mononuclear cells (BMMNCs) or CPCs (Assmus et al.
2002; Schachinger et al. 2004). Another randomized trial, the Bone Marrow Transfer to
Enhance ST-elevation Infarct Regeneration (BOOST), also demonstrated the recovery of
regional left-ventricular ejection fraction (LVEF) in the border zone of patients with AMI
after treatment with BMMNCs (Wollert et al. 2004; Meyer et al. 2006). The published
report on the mid-term follow-up showed that the cell-treated group maintained improved
LVEF at 6 months, but these differences did not persist at 18 months. The REPAIR-AMI
trial showed that intracoronary administration of bone marrow-derived cells into patients
with AMI improved vascular conductance capacity and microvascular function in the
cell-treated coronary territory (Erbs et al. 2007). It will be important to determine

whether increased coronary vascular conductance capacity ultimately translates into
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improved clinical outcome to establish a cause-and-effect relationship between cell

therapy—based improvements in neovascularization and functional cardiac regeneration.

1.1.3.2 Chronic Myocardial Ischemia

By comparison, in patients with chronic ischemic heart disease and old myocardial
infarction, initial attempts at cell therapy were more disappointed in outcome, likely
owing in part to the more diverse populations treated. The first such trial used skeletal
muscle—derived progenitor cells, directly injected into the scarred region of the LV
during open heart surgery for coronary artery bypass grafting (Menasche et al. 2001).
Global and regional LV function was significantly and persistently improved, although
concomitant revascularization complicated the assessment of benefit. Unfortunately, the
enthusiasm for injecting myoblasts into scar tissue for cardiac repair has been dampened
by the fact that some patients receiving this treatment experienced life-threatening
arrhythmias (Menasche et al. 2003). In another nonrandomized trial, Erbs et al showed
that intracoronary transplantation of CPCs after recanalization of chronic coronary total
occlusion resulted in an improvement of macro- and microvascular function and

contributed to the functionalization of hibernating myocardium (Erbs et al. 2005).

1.1.3.3 Congestive Heart Failure

Heart failure ensues when contractile reserve is depleted below a critical threshold. While
indispensable to current treatment of end-stage heart failure, more aggressive
interventions such as heart transplantation and the use of mechanical LV assist devices
are limited by availability and morbidity issue (Reinlib et al. 2003). Cellular therapy

might be an alternative treatment of CHF, with enormous therapeutic implications. In the
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Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) clinical trials, the
CHF patients recieved the autologous skeletal myoblasts during the by pass surgery.
After 6 months, myoblast transfer did not improve regional or global LV function
compared to the placebo, but absolutely increased the LVEF and significantly reduced
LV end diastolic volume (Menasche et al. 2008). Petel et al reported a higher EF in
patient treated with the CD34" bone marrow-derived cells at the time of off-pump
coronary artery bypass grafting (Patel et al. 2005). The 6-month follow-up results
indicated that autologous stem cell transplantation led to significant improvement of
LVEF. Another clinical trial demonstrated that intramyocardial injection of BMC at the
site of ischemia increased blood flow and improved regional and global ventricular
function in patients with severe ischemic heart failure (Perin et al. 2003). Heart failure
could be reversed or prevented if new myocardium could be grown in diseased hearts. As
it is clinically possible to improve the heart's function without myogenesis or
neovascularization, other potential mechanisms of action must also be considered. For
example, the attenuation of ventricular remodeling may represent a significant

component of the benefits conferred by transplanted cells.
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Table 1-1 Selected clinical trials ofcardiac cell therapy

Study Patient Cell Type Route | Follow-up Results
TOPCARE-AMI AMI (n=29) 2.1x10% BMCs IC 12m Increased LV perfusion and contractility
AMI (n=30) 1.6x10" CPCs
BOOST AMI (n=30) 2.4x10° BMCs IC 18m No improvements of LV function in infarct
region
REPAIR-AMI AMI (n=102) | BMCs (50 mL BM) IC 12m Improved LVEF; decreased infarct size
ASTAMI AMI (n=50) | BMCs (50 mL BM) IC 6m No benefit
Strauer et al. AMI (n=10) 2.8x10" BMCs IC 3m Decreased infarct size; improved LV
perfusion and function
Erbs et al. CTO (n=13) 6.9x10" G-CSF- IC 3m Improved wall motion; decreased
mobilized cells hibernating myocardium
TOPCARE-CHD CMI (n=28) 2.1x10° BMCs IC 3m Improved wall motion in infarct zone
CMI (n=24) 2.2x10” CPCs
Katritsis et al. CMI (n=11) | 2-4x10° BMC and IC 4m Decreased perfusion defects and infarct size
EPCs
Stamm et al. CMI (n=20) 5x10° AC133" IM 6m Improved EF and myocardial perfusion
BMCs
MAGIC HF (n=97) 4-8x10° SMB IM 6m Improved EF and reduced ESV
Perin et al. HF (n=14) 3x10" BMCs IM 4m Improved EF, regional myocardial

perfusion and function

TOPCARE-AMI = Transplantation Of Progenitor Cells And Regeneration Enhancement in Acute Myocardial Infarction; BOOST
=BOne marrOw transfer to enhance ST-elevation infarct regeneration; ASTAMI = autologous stem cell transplantation in acute
myocardial infarction; MAGIC = Myoblast Autologous Grafting in Ischemic Cardiomyopathy; AMI = acute myocardial infarction;
CMI = chronic myocardial infarction; AP = angina pectoris; CTO = chronic total occlusion; HF = heart failure; BMC = bone marrow
cell; CPC = circulation progenitor cell; G-CSF = Granulocyte Colony-Stimulating Factor; SMB = skeletal myoblast; IC =
intracoronary; IM = intramyocardial; LV = left ventricular; EF = ejection fraction; ESV = end-systolic volume.
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1.1.4 Challenges of Cardiac Cell Therapy

In the past decade, despite the tremendous benefits of myocardial regenerative therapy in
animal studies, clinical trials have demonstrated only modest benefit (Abdel-Latif et al.
2007). One identified limitation is the insufficient number of autologous stem cells. To
circumvent this obstacle, a rapid and relative simple purification and expansion procedure
is required. Another potential limitation to cell therapy is inadequate cell delivery.
Regardless of cell type, multiple studies indicated that most cells delivered to the heart
are lost to the circulation or leak back out of the injection site (Hofmann et al. 2005).
Transplanted cells may quickly fade from the target tissue and have low survival rates,
significantly impacting on their beneficial effects. Therefore, it is needed to develop a
sufficient cell graft with appropriate structural and functional properties (Segers et al.
2008). Meanwhile, the optimal cell type, dose, delivery timing and method are still not
well known, which also reduces the efficacy of cell therapy.

Despite these hurdles, the outlook for stem cell or progenitor cell therapies for
ischemic heart disease and blood vessel repair appears promising. A deeper
understanding of the cell biology and a more thorough preclinical evaluation of the
therapeutics is necessary prior to clinical trials in order to maximize the chances of
successful clinical application. The growing clinical need, the encouraging experimental
results, and the existence of advanced molecular technologies, will undoubtedly further

stimulate investigational efforts to optimize cell therapies for CAD (Kinnaird et al. 2004).
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1.2 Tissue-engineered Biomaterials for Cell Delivery

One challenge of cell therapies is to develop an administration strategy that maintains
adequate cell numbers in a desired location for a sufficient amount of time to not only
induce the growth of new vessels or new myocytes, but also to allow their maturation and
functional integration. Generally, homing and retention of cells within a specific tissue
relies on adhesion characteristics of the donor cells and the host. The state of the recipient
tissue may be incapable of donor cell retention in sufficient quantity for the desired
effect. Cell retention in the infarcted myocardium is only about 1-10% as early as a few
hours after transplantation (Hofmann et al. 2005; Kang et al. 2006). With scientific
advances in biomaterials and cell biology, opportunities to fabricate tissues in the
laboratory from combinations of tissue-engineered materials (patches, scaffolds, matrices
and cell sheets) and stem cells may provide unique biomimetic environments for tissue
regeneration and/or replacement.

Tissue engineering employs a combination of cells, engineered materials, and
suitable biochemical and physiochemical factors to develop biological substitutes that
restore, maintain, or improve the function of injured tissues or organs (Langer et al. 1993;
MacArthur et al. 2005). So far, many types of biomaterials have been developed and
tested, including metals, alloys, polymers, ceramics, composites, and glasses. Of the
many biomaterials, collagens are considered as one of the most attractive options.

Collagen is a natural component of ECM, which forms the essential framework of
the tissues and organs. Collagen-cell interactions are essential during wound healing and
tissue remodeling in adults. Therefore, collagen-based biomaterials may present a stable

mechanical support, offer biocompatibility, biodegradability and minimal
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immunogenicity, provide a large surface area for cell seeding, and porosity for
capillary/arteriole in-growth during direct cell transplantation. An added benefit of
collagen-based cell delivery vehicles is that the introduction of ECM components may
help alter matrix remodeling, stabilize ischemic tissues and restore function (Kofidis et al.
2005; Mizuno et al. 2005), thus assisting in cell-based tissue regeneration (Cao et al.
2002; Cao et al. 2003; Suuronen et al. 2004; Bauer et al. 2005; Christman et al. 2005; Mi
et al. 2006). Purified collagen materials have been used in many clinical studies as
implants without significant adverse reactions (Moench et al. 2010).

Several forms of delivery materials have been developed for the support of
transplanted cells. Survival and integration of delivered cells can be improved by
embedding them in a collagen-based matrix (Suuronen et al. 2004; Suuronen et al. 2006),
by seeding them in a fibrin biopolymer patch (Liu et al. 2004), or by implanting cells as
monolayer sheets (Miyahara et al. 2006). Synthetic myocardial patches have also been
tested experimentally but these materials can be rigid, elicit a foreign body inflammatory
response, limit cell mobility and vascularization (Suuronen et al. 2008), and have been
inferior to ECM scaffolds that allow regeneration to occur (Robinson et al. 2005).
Another potential strategy for cell delivery involves the development of thermo-sensitive
injectable materials that are liquid during preparation, and form hydrogels at
physiological temperatures (Christman et al. 2004; Christman et al. 2004; Kofidis et al.
2005; Zhang et al. 2006). These materials can facilitate targeted, less invasive tissue
renovation after myocardial injury including increased cell survival, restored blood flow

and improved cardiac function.
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1.3 Cell Labeling and Cell Tracking

The introduction of stem cells and/or progenitor cells into damaged myocardium has
promising therapeutic potential in ischemic heart diseases and dilated cardiomyopathy.
However, understanding the biological mechanisms and local effects of transplanted cells
during cardiac regenerative therapy remains mostly limited to histological assessment. In
order to demonstrate cell survival and evaluate the fate of transplanted cells, new
quantification techniques and imaging modalities are required to distinguish successful

treatments from nonviable options, and to understand the mechanism(s) of repair.

1.3.1 Molecular Imaging Modalities

An ideal imaging method of cell trafficking would ensure that cell viability and
functional characteristics are truly depicted in real time. This imaging technology should
have single-cell detection capability and allow quantification of cell numbers at any
anatomical location and at any given time-point without necessitating sacrifice.
Regardless of the level of sensitivity achieved, accurate quantification of cell number can
be particularly difficult when certain technical limitations are considered, such as the
effects of contrast agent dilution during cell division, or the propensity of some contrast
agents to be transferred to other non-specific cells (Frangioni et al. 2004; Beeres et al.
2007). Furthermore, since current cardiac cell therapy uses a relatively small number of
stem cells that can be found at any one site after administration, a strong signal is likely
to be required for defining the distribution of transplanted stem cells within tissues and
organs. In addition, the successful imaging technology should permit cell tracking over a
long period of time, both serially and noninvasively, in living subjects. The time frame
that the signal remains detectable should be in the range that provides useful clinical
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information. Molecular imaging modalities, including positron emission tomography
(PET), single-photon emission computed tomography (SPECT), magnetic resonance
imaging (MRI), and optical imaging, are powerful tools that allow visual representation
and quantification of various biologic processes at the cellular and subcellular levels in a
living organism (Blasberg et al. 2003). Therefore, all these techniques have the potential
for application in the evaluation of transplanted stem cell survival and function in the
heart. Every method has its own advantages and disadvantages (Table 2-1) and can
provide relevant and useful information. However, at present, no single imaging modality

possesses all the desired qualities for optimal evaluation of stem cell therapy.
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Table 1-2 Molecular imaging for stem cell tracking

to cell viability

Modality Possible | Sensitivity Spatial Advantages Disadvantages
labeling (mol/L) resolution
agents
Optical BLI Luciferase | 10™-10"" |  3-5mm High sensitivity Only for small animals
Fluorescence NIRF 10°-10" 2-3 mm Uses conventional microscopy Only for near-surface
MRI SPIO, 10°3-10° | 25-100 um High resolution; anatomical Low sensitivity; not directly
Gd-DTPA imaging reflecting viable cells;
contra-indicated with many
cardiac devices
Nuclear SPECT ¥MTe- | 10%-10" | 0.5-1.5mm | High labeling efficiency and Radioactive decay;
HMPAO, stability; good resolution; attenuation-associated
Un. signal is related to cell viability accuracy limit; lack of
oxine anatomical information*
PET B DG, | 10110 | 1-2mm High sensitivity; good Rapid loss of signal due to
¥F_HFB, resolution; quantification the short half-life of
¥r_SFB possible; signal directly related radioisotopes; lack of

anatomical information*

BLI = bioluminescence; MRI = magnetic resonance imaging; SPECT = single-photon emission computed tomography; PET
positron emission tomography; NIRF = near-infrared fluorophores; SPIO = superparamagnetic iron oxide particles; Gd-DTPA
gadolinium-diethylene triamine penta-acetic acid; *"Tc-HMPAO

= 9"™Tc-hexamethylpropyleneamine oxime; *F-FDG = 2-
[*®F]fluoro-2-deoxy-D-glucose; *F-HFB = hexadecyl-4-[*®F]fluorobenzoate; **F-SFB = N-succimidyl-4-[®F]fluorobenzoate.

* anatomical resolution can be achieved using CT with hybrid human or animal systems, but is associated with increased radiation

doses.
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1.3.2 Positron Emission Tomography

To study physiological processes, PET uses radioactive molecular probes that are tracers
labeled with positron-emitting isotopes. The positron-labeled molecular probe, including
receptor ligands or enzyme substrates, binds to a specific target protein or is trapped in
cells of interest. The accumulation of the radioactive probe in tissues or cells is then
measured by the PET scanner (Herschman 2004).

With the projected rapid growth of cell therapy for heart disease, PET is expected
to play a major role in monitoring relevant changes that occur at every stage in cardiac
regenerative therapy. As an advanced nuclear imaging technology, PET is one of the best
suited modalities to evaluate stem cell therapy since it is readily applicable to measure
most end-points, including the cell delivery, local and remote tracking, and therapeutic
response (deKemp et al. 2000; Bax et al. 2002; Beanlands et al. 2002; Bengel et al. 2004;
Dobert et al. 2004; Yoshinaga et al. 2005; Ruel et al. 2008).

PET cameras allow electronic rather than mechanical collimation of incoming
photons by recording the coincidence of simultaneous pairs of annihilation photons at
opposite detectors (Blokland et al. 2002). The dose of radioactivity required to produce a
signal of PET is very small, and generally does not impact the biological system under
study. The sensitivity of PET is at least 7 log order more sensitive than MRI (10 versus
10 M) (Shao et al. 1997), 1-2 orders of magnitude better than SPECT (10™° M), thus
providing a good potential for accurate quantification of low cell numbers (Gambhir et al.
2000) and then for noninvasive assessment of stem cell retention, survival, and function

after transplantation.
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1.3.3 Labeling Methods for PET Imaging of Cells

In order to implement a stem cell PET imaging protocol, it is important to develop a rapid
and stable labeling method without altering the viability or function of the cells. Two
radiolabeling approaches have been explored to achieve this end: 1) direct cell labeling

with a radionuclide; and 2) reporter gene-based cell labeling.

1.3.3.1 Direct Cell Labeling

Direct cell labeling with a PET isotope is a proven technique that can provide whole body
biodistribution information with high sensitivity. Cells are incubated with the radiotracer,
allowing the radioactive molecule to be “trapped” in or on the cell (Figure 1-2).
Following incubation, the cells are washed to remove unbound tracer and are then
injected into the host. Ideally, the radioactive probe should be rapidly incorporated into
the cell and fully retained. However, labeling efficiencies close to 100% are not realistic,
and depend intimately on the cell type, radiotracer characteristics, incubation time, and
environment (Dewanjee et al. 1991; Welling et al. 1995; Massler et al. 1997; Acton et al.
2005; Doyle et al. 2007). After cell transplantation, unbound tracer diffuses out of the cell
and tissue, and then can be cleared from the circulation and excreted.

Direct labeling of cells with a radionuclide has been used for many years to track
cells in vivo (Pozzilli et al. 1983). Many PET tracers (such as '*F-FDG) are
physiologically identical to natural biological substrates. As a result, a PET tracer in the
body will follow the same physiological pathways as the non-radioactive natural
substrate that it mimics. Current efforts for stem cell tracking are having an increased
focus on this approach due to its minimal toxicity and easy accessibility. In general, PET

imaging with direct cell labeling studies can supply the evidence of successful target
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delivery and allow quantification of the cell distribution to a particular site at early stages
of cell transplantation. Tracking stem cells with PET in clinical trials can help understand
the effects of cell therapy at various stages, and thus direct therapy.

Cell labeling using a radioisotope displays minimal toxicity and is an established
method in clinical nuclear medicine. However, the stability of the labeled cells remains
an issue due to the cleavage process leading to incomplete trapping mechanism of the
cell-ligand complex, thus producing a signal from the labeled moiety distinct from that of
the labeled cell. Moreover, the major limitation of direct cell labeling technique is the
short half-life of most available PET tracers (eg. 110 min for '*F), which limits its ability
to monitor long-term survival kinetics and cellular trafficking of stem cell therapy. In
addition, direct cell labeling cannot provide information regarding cell proliferation
because the radiotracers are not passed on from mother to daughter cells. On all accounts,
the measurable signal will diminish over time, through radioactive decay, cell division,

metabolism or degradation of the labeled agent either by enzymatic action or radiolysis.
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Figure 1-2: Direct cell labeling with a radioisotope.
Cells are incubated with the radiotracer, allowing the radioactive molecules to be

“trapped” in the cell. When sufficient radiotracer accumulation occurs within the cell, the

signal can be detected by PET.
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1.3.3.2 Reporter gene-based cell labeling

Stem cells can also be labeled after transfection with a reporter gene, which can
subsequently be visualized by using a PET reporter probe that binds to the enzyme,
receptor or transporter produced by reporter genes, therefore allowing serial in vivo
evaluation of cell viability and proliferation in long-term follow-up studies. Recently,
some studies successfully used this method to visualize implanted stem cells by PET
imaging in animals (Cao et al. 2006).

In general, PET reporter genes are DNA sequences that encode for a reporter
protein, which will form a complex via specific binding with a selected radiotracer.
Detection of this ligand or substrate will produce a signal which can then be quantified
serially and noninvasively by PET imaging. The implementation of reporter gene
imaging techniques to monitor cells is a multi-step process (Figure 1-3). First, the
genetically encoded reporter genes must be successfully introduced into cells. Typical
reporter genes consist of a chimeric gene linking an endogenous or exogenous promoter.
This construct is inserted into a viral or non-viral vector and then delivered into the target
cell nucleus by this vector. The reporter gene will be transcribed to mRNA and
subsequently translated to the reporter protein within the cell. PET reporter proteins are
either receptors/transporters that bind and/or sequester positron-emitting “ligand probes”,
or enzymes that metabolize positron-emitting “substrate probes”. When the
corresponding PET reporter probe is injected, cells expressing the reporter gene will
sequester the radioprobe (Vassaux et al. 2003) resulting in specific binding and the
generation of a signal which can be detected by PET (Herschman 2004; Acton et al.

2005; Kim et al. 2006; Sheikh et al. 2006). Cells not expressing PET reporter genes will
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not retain PET reporter probes. Tomographic imaging then demonstrates PET reporter
gene-dependent sequestration of the radioactive reporter probe. This technique has made
it possible to monitor the viability, function and proliferation of labeled cells

administered to host recipients and then to monitor cell migration in vivo.
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Figure 1-3: Reporter gene-based cell labeling.

The reporter construct contains a promoter region and the reporter gene it drives. This
construct is inserted into a vector and then delivered into the target cell nucleus by this
vector. The reporter gene is transcribed to mRNA and subsequently translated to the
reporter protein within the cell. Finally, the radiolabeled probe interacts with the reporter
protein resulting in specific binding and the generation of a signal which can be detected

by positron emission tomography.
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1.4 Research plan

1.4.1 Aims

The primary goal of my research was to develop techniques for successful transplantation
of human stem/progenitor cells for cardiac regeneration.

Specific Aim 1 was focused on developing techniques that will expand human
CD133" cells from adult peripheral blood (Manuscript #1). Previous studies showed that
CD133" cells contributed to restore perfusion and enhance global function in the
infarcted myocardium (Agbulut et al. 2004; Suuronen et al. 2006). However, the
presence of CD133" cells in the blood and bone marrow is low. Therefore, expansion and
characterization of derived CD133" cells would not only address challenges in cardiac
regeneration, but also contribute to improving cell transplantation in general.

Specific Aim 2 was to develop and utilize stable cell labeling methods for in vivo
monitoring the transplanted cell fate with a non-invasive PET imaging. Following the
transplanted cells is an essential step in assessing their local effects and biological
mechanisms. However, it is mostly limited to histological examination. Therefore, the
research in my Ph.D. project involved the development of a non-invasive PET imaging
with direct cell labeling (Manuscript #2 & #3) and reporter gene-based cell labeling
(Manuscript #4) to study the homing and engraftment of transplanted human CPCs.

Specific Aim 3 addressed challenges associated with the successful delivery of
stem cells to the target sites. Specifically, my experiments focused on the investigation of
collagen I-based matrices to enhance transplanted cell homing and engraftment
(Manuscript #2). As discussed, collagen matrices have been shown to improve the

functional results of cardiac cell therapy. However, their mechanism(s) and local effects
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remain unclear. PET imaging provides the potential for assessing the ability of collagen

matrices to improve the efficacy of cell therapy.

1.4.2 Hypotheses

It was hypothesized that 1) human CD133" cells can be generated from the CD133"
fraction, and derived CD133" cells might have comparative capacities of migration and
angiogenesis to fresh CD133" cells and other progenitor populations used in cardiac cell
therapy. 2) PET imaging with ®F-FDG or '®F-HFB labeling, and reporter gene
techniques can be used to assess the fate of transplanted human CPCs in vivo at different
target sites and different stages after transplantation. 3) PET imaging with ®F-FDG
labeling is a feasible approach to understand the role of collagen matrices in delivered
CPCs at early stages of cell transplantation. Furthermore, PET imaging with reporter
gene techniques can be used to examine the long-term effects of collagen-based matrices

on transplanted CPC homing, retention and engraftment.
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CHAPTER 2: MANUSCRIPT #1

Introduction to Manuscript #1

Previous studies from our group and others showed that CD133" cells restored
perfusion in the ischemic tissue (Suuronen et al. 2006) and enhanced global function in
the infarcted myocardium (Agbulut et al. 2004). However, the presence of CD133" cells
in the blood and bone marrow is low, and their mechanisms and functional role in cell
therapy remain unclear. Furthermore, these studies did not directly compare the efficacy
of CD133" cells with other cell populations. In this study, | investigated a method of
human CD133" cell expansion from peripheral blood and evaluated the function of
derived CD133" cells compared to other commonly used progenitors. To obtain sufficient
quantities of adult autologous progenitor cells and potentially identify an ideal cell source
and type for cardiac cell therapy, manuscript #1 details the ex vivo expansion of human
peripheral blood CD133" cells and in vitro functional comparison of therapeutically

relevant progenitor populations.

33



The Journal of Thoracic and Cardiovascular Surgery 2010; 140: 216-24

In vitro Functional Comparison of Therapeutically
Relevant Human Vasculogenic Progenitor Cells Used
for Cardiac Cell Therapy

Yan Zhang, MD, MSc,*** Serena Wong, BSc,*** Jessica Lafléche, BSc,*
Suzanne Crowe,* Thierry G. Mesana, MD, PhD,* Erik J. Suuronen, PhD, 2"
Marc Ruel, MD, MPH?"

From the Division of Cardiac Surgery,? University of Ottawa Heart Institute, Department

of Cellular and Molecular Medicine,® University of Ottawa, Ottawa, Ontario, Canada

Supported by the Canadian Institutes of Health Research (to Drs Ruel and Suuronen,
grant MOP-77536), by the Canadian Foundation for Innovation (to Dr Ruel, award
7346), and by the Heart and Stroke Foundation of Canada Doctoral Research Award (to
Dr Zhang).

Disclosure: None

*Y. Zhang and S. Wong contributed equally to this work.

Address for reprints: Marc Ruel, MD, MPH, and Erik Suuronen, PhD, Division of
Cardiac Surgery, University of Ottawa Heart Institute

Copyright © 2010 by The American Associattion for Thoracic Surgery

D0i:10.1016/j.jtctv.2009.11.016

34



Contributions of Authors

The design and execution of the experiments in this manuscript were performed jointly
by the M.Sc. candidate that initiated the project, Serena Wong and myself, with practical
help from M.Sc. candidate Jessica Lafléche. Suzanne Crowe operated the FACSAria for
flow cytometry analysis. Dr. Thierry Mesana provided a clinical perspective on the data. |
worked on manuscript preparation and submission under the guidance and supervision of

Drs. Marc Ruel and Erik Suuronen.

35



Abstract

Objectives: In cardiac cell therapy, almost every cell type tested experimentally has
yielded some benefit. However, there is a lack of studies directly comparing the function
of various stem/progenitor cell populations. This study describes the expansion of
peripheral blood CD133" cells, and compares their functional properties with that of

other commonly used human progenitor cell populations.

Methods: CD133" cells were generated from the CD133 fraction of peripheral blood,
either serially (pooled-derived) or after 14 days of culture (derived). Their phenotypic,
migratory, and vasculogenic properties were compared with that of 4 commonly used

progenitor cell populations in vitro.

Results: Serial expansion resulted in an 11-fold increase in the number of CD133" cells.
The proportion of derived CD133" cells collected between 0 and 8 days also expressing
CD34 and VEGFR-2 was similar (approximately 60%; P=.41). Adherent, 4-day cultured
endothelial progenitor cells demonstrated enhanced migration compared to each of the
other 5 cell populations (all P< .002). The migration of derived CD133" progenitors was
enhanced by co-culture with CD133" cells or its supernatant (P< .05). In vitro
vasculogenesis assays revealed that derived and pooled-derived CD133" cells had

superior vasculogenic potential compared to other progenitor populations (P< .03).

Conclusions: A novel source of expandable CD133" cells can be generated from the
CD133" fraction of peripheral blood. The CD133 phenotypic marker translates into the

cell being vasculogenically more potent in vitro, which could be beneficial to induce
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vasculogenesis in the ischemic heart. Furthermore, intercellular interactions appear

important for improving the therapeutic efficacy of cell transplantation.

Key words: Stem cells; Vasculogenesis; Cell therapy; Ischemia; Myocardium
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Introduction

Cardiac cell-based therapies, one of the major areas of translational research where heart
surgeons play a key role, involve the delivery of stem/progenitor cells to areas of
ischemic and/or infarcted myocardium in order to stimulate and accelerate the processes
of vasculogenesis, myogenesis, or both (Ruel et al. 2004). A number of different cell
types have been transplanted into the hearts of experimental animals or patients with
coronary artery disease (CAD), and almost every cell type tested has yielded some degree
of benefit experimentally. However, clinical benefits have been modest. Today, there
remain major hurdles in cell expansion, delivery, adhesion, local amplification,
vascularization, and functional incorporation (Figure 2-1).

One issue that needs to be addressed is the identification of the “ideal”
stem/progenitor cell population for optimal vasculogenesis, considering how important
the paracrine/humoral mechanism might be (Gnecchi et al. 2008). In clinical use,
autologous cells from the blood, bone marrow, or other tissues are favored because they
circumvent the potential problems associated with ethics, availability, and immune
responses. Several heterogeneous and pre-selected progenitor cell populations derived
from bone marrow (BM) or peripheral blood (PB) mononuclear cells (MNCs), such as
mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs) or circulating
progenitor cells (CPCs), have been used in various experimental and clinical settings
(Stamm et al. 2003; Hofmann et al. 2005; Suuronen et al. 2007; Zhang et al. 2008). One
cell population of interest for therapeutic vasculogenesis in the ischemic or infarcted
myocardium is the MSC. Transplanting MSCs into the heart has been shown to improve

its perfusion and function (Suuronen et al. 2007). Another cell population, the circulating
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progenitor cells (CPCs), which include endothelial progenitor cells (EPCs), can home to
injured tissues and are important for vascular repair and maintenance (Suuronen et al.
2007; Zhang et al. 2008). A variety of cell sources, isolation methods, and culture
conditions have been used to produce mainly heterogeneous populations of EPCs for
transplantation. One commonly used ex-vivo expansion technique yields 4-7 day
adherent EPCs from the culture of circulating PB-MNCs on fibronectin (Zhang et al.
2008).

Pre-selection to obtain more specific subpopulations of EPCs may be performed,
involving an isolation of cells based on markers such as CD34, vascular endothelial
growth factor receptor 2 (VEGFR-2) and/or CD133 (Peichev et al. 2000). CD34 and
VEGFR-2 are both expressed at lower levels on mature endothelial cells, whereas
CD1383, also known as prominin or AC133, is expressed on hematopoietic stem cells but
is absent on mature endothelial cells and monocytic cells. Although CD133 may be a
more specific marker of stem/progenitor cells and may provide a clinical benefit (Stamm
et al. 2007), its functional role in cell biology remains uncertain.

Recently, the peripheral blood became a preferred cell source for regenerative
therapy considering its non-invasiveness and easy availability. However, the frequency of
CD133"CD34"VEGFR-2" cells in total PB-MNCs is very low (~0.002%) (Masuda et al.
2003). Although some research showed that granulocyte colony-stimulating factor-
mobilized blood from patients contains 5- to 100-fold higher levels of MSCs and EPCs,
compared with non-mobilized blood (Powell et al. 2005), the ability of these cells to
improve cardiac remodeling and function after acute myocardial infarction (AMI) has

been disappointing (Hill et al. 2005).
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Figure 2-1: Hurdles in cardiac cell therapy.

AMI, Acute myocardial infarction.
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Consequently, one first step for clinical stem cell therapy would be to obtain large
amounts of homogenous and well-characterized cells, and to study them. In this regard,
we identified a new subpopulation of EPCs, termed “derived” CD133" PB cells
(Suuronen et al. 2006). These cells demonstrated improved adhesion and ability to form
capillary-like structures in vitro compared to freshly isolated CD133" progenitors from
the PB.

Many studies have examined the efficacy of different progenitor cell populations
individually; however, direct functional studies that compare several cell populations are
lacking. Additionally, intercellular interactions can have a significant impact on the
functional activity of progenitor populations both in vitro and in vivo (Suuronen et al.
2006; Suuronen et al. 2007), and further elucidation of these interactions and cytokine
influence may benefit the optimization of cell therapy strategies. Therefore, assessing the
vasculogenic properties and interactions of different EPC and BM populations may be
invaluable in order to optimize clinical cell-based therapeutic vasculogenesis. This study
was designed: 1) to investigate methods of CD133" PB cell expansion; 2) to characterize
derived CD133" PB cells and the influence of intercellular interactions on their function;
and 3) to evaluate their vasculogenic and migratory properties in comparison with other

commonly used human progenitor populations from the PB and BM.

Materials and Methods

Cell Isolation and Expansion

This study was approved by the Human Research Ethics Board of the University

of Ottawa Heart Institute. After acquiring informed consent from human patient donors
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undergoing valve surgery (n=12), without concomitant CAD or diabetes (in order to limit
inter-patient variability in progenitor cell function), both PB and sternal BM were
harvested immediately after sternotomy. Details of patient characteristics are found in

Table 2-1.

Table 2-1 Patients’ characteristics

All patients Aortic valve Mitral valve Aortic and mitral
(n=12) disease (n=6) disease (n=5) valve disease (n=1)
Age () 64.7+10.7 65.7+8.3 61.0+13.0 79
Male/female (n) 10/2 5/1 5/0 0/1
CAD (n) 0 0 0 0
Diabetes (n) 0 0 0 0
CHF (n) 2 (17%) 1 1 0
Hypertension (n) 5 (42%) 3 1 1
Hypercholesterolemia (n) 5 (42%) 2 2 1
Smoking (n) 4 (33%) 2 2 0

CAD, Coronary artery disease; CHF, congestive heart failure.
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Overall, 6 different populations of stem/progenitor cells were obtained from PB or
BM as described in the Supplemental Material: (1) fresh CD133" PB cells; (2) derived
CD133" PB cells; (3) pooled-derived CD133" PB cells; (4) “classical” EPCs; (5) fresh
CD133" BM cells; and (6) MSCs. Cell counts and viability were determined by using a
cell counter (Beckman Coulter, Mississauga, Canada).

Briefly, to obtain derived CD133" PB cells from CD133" fractions, two different
protocols were used. Cells in protocol 1 had fresh media added every 3 days without
aspiration of the old media. After 14 days, both adherent and non-adherent cells were
collected and separated to obtain derived CD133" PB cells. In protocol 2, the non-
adherent population was removed every 2 days over a period of 8 days, separated to
collect the CD133" cells, and cryopreserved. After 8 days, cryopreserved cells were
combined together to constitute the pooled-derived CD133" population. Cell phenotype
was analyzed by flow cytometry (FACSAria cell sorting system; BD Biosciences, San
Jose, Calif). Details are provided in the online supplemental Materials and Methods

section.

Investigation of CD133" Cell Generation

Freshly isolated CD133" PB cells were cultured under conditions: (1) supernatant
from whole PB-MNCs; (2) fresh CD133" PB cells and (3) supplemented endothelial
basal medium 2 (EBM-2 [control]; Clonetics, Guelph, Canada). After 48 hours of
exposure, the adherent and nonadherent cells from each condition were lifted and
separated to obtain the CD133" cells, and the numbers of derived CD133" cells were

determined.
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In Vitro Migration Assay

Each of the 6 cell populations were labeled with CellTracker Orange (Molecular
Probes, Eugene, Ore), and then 2 x 10* labeled cells of each type were placed separately
in the upper chamber with EBM-2 without VEGF (Ruel et al. 2005). The lower chamber
contained serum-free media with 50ng/ml vascular endothelial growth factor (VEGF;
Sigma, Oakville, Canada). After 24 hours of incubation, cells migrated into the lower

chamber were counted manually from 6 random high-powered fields.

Interactions Between CD133" and CD133" PB Fractions

The cell groups were as follows: (1) fresh CD133" PB; (2) derived CD133" PB;
(3) fresh CD133" PB combined with fresh CD133" PB; (4) derived CD133" PB combined
with fresh CD133" PB; (5) fresh CD133" PB with the CD133" supernatant; and (6)
derived CD133" PB with the CD133" supernatant. Cell migratory potential was assessed
according to the methods described previously (Suuronen et al. 2006). Before and after
culture, flow cytometry analysis was performed to determine the expression of VEGFR-2

on CD133" cells in the first 4 groups.

Cytokine Antibody Array

We sought to determine the cytokines present in the supernatant of various cell
populations after 24 hours of culture with the human cytokine antibody array V
(RayBiotech, Norcross, Ga). The cell populations examined were: (1) fresh CD133" PB;
(2) derived CD133" PB; and (3) fresh CD133" PB. Supplemented EBM-2 was used as a
control and the differences in the level of each growth factor and cytokine were

quantified against internal controls within the array and then compared between cell
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populations as fold changes. Kodak 1D Imaging software (Kodak, Rochester, NY) was

used to determine intensities of cytokine spots on each array.

In Vitro Vasculogenesis Assay

Labeled cells (1 x 10%) of each population were seeded onto solidified ECMatrix
(Chemicon, Temecula, Calif) with 1 x 10* human umbilical vein endothelial cells
(HUVEC:S) as supporting cells. HUVECs alone were used as a control. After 24 hours of
incubation, six random HPFs were taken for each cell type. The complete area of tubules
formed, total tube length and percentage contribution to the total area of capillaries were

determined.

Statistics

Data are presented as mean + standard error of the mean (SEM). Statistical
analyses were performed in SigmaStat 3.1.1 (SigmaStat, Richmond, Calif). Comparisons
of data between groups were performed with a 1-way analysis of variance, using

Bonferroni corrections as appropriate.

Results

Expansion of PB CD133" Progenitors

The number of CD133" cells was expanded by culturing the CD133" PB fraction
according to two protocols (Figure 2-2, A). With protocol 1, the culture of CD133" cells
for 14 days resulted in derived CD133" cells (0.32+0.10 x 10°) equivalent to a 3.09+1.37
fold increase compared to the number of CD133" cells in the fresh PB-MNC isolate

(0.12+0.03 x 10°%; P< .05). With protocol 2, after 8 days the number of generated CD133*
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cells in the pooled-derived population (1.21+0.22 x 10°) was 11-fold greater than that
obtained from the freshly isolated PB-MNCs (0.14+0.03 x 10°%; P< .05). Also, the number
of CD133" cells generated in the pooled-derived group was significantly greater than in
the 14-day derived group (P< .05). Expression of CD34 and VEGFR-2 on CD133" cells
obtained was examined by flow cytometry (see Figure 2-E1, A). On day 0, the proportion
of circulating CD133" cells also expressing CD34 and VEGFR-2 was 39.5+9.3%. For
day 2, 4, 6 and 8, the percentages were 67.6+9.5%, 56.2+14.5%, 58.0+8.9% and
69.4+15.1%, respectively (see Figure 2-E1, B; P= .41), suggesting that similar cell

populations were being generated every 2 days.

Potential Mechanisms Involved in CD133" Generation

Fresh CD133" PB cells were cultured under 3 conditions to investigate a potential
mechanism involved in the generation of CD133" cells. The results showed that
generation of CD133" cells was significantly inhibited by the presence of CD133" cells
and by whole PB-MNC culture supernatant (P< .003; Figure 2-2, B). When exposed to
CD133" cells, only 71.7+7.7% derived CD133" cells were obtained relative to control
(100%). Similarly, exposure of CD133" cells to PB-MNC supernatant resulted in only

49.4+9.2% generation of derived CD133" cells compared with control numbers.

Migratory Potential of VVarious Progenitor Cell Populations

The VEGF-induced migration potential of 6 cell populations was tested (see
Figure 2-E2, A-F). The number of migrating cells per field of view (/FOV) were not
significantly different between fresh CD133" PB cells (5.29+0.53) and CD133" BM cells

(7.04+1.06), MSCs (4.23+0.79), derived CD133" PB cells (3.63+0.46), and pooled-
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derived CD133" PB cells (5.58+0.59; P=.9). However, all populations had significantly
lower migration compared with “classical” EPCs (61.09+19.57) from PB (P< .002;

Figure 2-3, A).
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Figure 2-2: CD133" generation.

A, The number of pooled-derived CD133" cells (derived serially) was significantly
greater than that of derived CD133" cells (after 14 days of culture). *P< .05 versus fresh
CD133" cells; "P< .05 versus. derived CD133" cells. B, The presence of a peripheral
blood mononuclear cell (PB-MNC) supernatant or CD133" cells (from whole PB-MNC)
inhibited the generation of CD133" cells from the CD133" fraction compared with normal

expansion conditions (Control). *P< .003 versus control.
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Figure 2-E1: Cell expansion.

(A) Representative flow cytometry analysis for co-expression of CD34 and VEGFR-2 on
fresh and serially derived CD133" cells collected every 2 days for a period of 8 days. (B)
Flow cytometry results showing the percentage of CD133" cells also expressing CD34
and VEGFR-2 over 8 days. (C) Cumulative number of generated CD133" cells removed
every 2 days from the serial culture of the CD133" fraction of peripheral blood

mononuclear cells. *P< .001 for day 8 versus other times.
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Figure 2-E2: Cell migration.

(A-F) The migration properties of 6 cell populations. Representative migration assay
images of (A) fresh CD133" PB cells; (B) fresh CD133" BM cells; (C) PB “classical”
EPCs; (D) BM MSCs; (E) derived CD133" PB cells; and (F) pooled-derived CD133" PB
cells. (G-1) Cell interaction effects on CD133" cell migration. Representative migration
assay images of (G) derived CD133" cells alone; (H) derived CD133" cells with CD133"
cells; and (I) derived CD133" cells with CD133" cell supernatant after 24h of culture.
Scale bar =75 pm.

50



Cell Interaction Effects on Migration of CD133" Cells

Fresh and derived CD133" cells were cultured with CD133" cells or their
supernatant to improve their migratory potential (Figure 2-3, B and see Figure 2-E2, G-I).
When combined with CD133" cells, the number of migrating cells for both fresh
(26.87+1.52) and derived (19.67+1.84) CD133" populations significantly increased when
compared to the cells plated alone (5.69+0.31 and 3.66%0.24, respectively; P< .05).
Similarly, the addition of the supernatant of CD133" cells also increased the number of
migrating fresh CD133" cells (29.63+2.56). For the derived CD133" cells, when
combined with the supernatant of CD133" cells, the number of migrating cells
(30.33+1.93) was significantly increased compared to derived CD133" cells combined
with the CD133" cells themselves (P< .05).

At the time of isolation, 59.89+6.41% of fresh CD133" cells expressed VEGFR-2
and after 24 hours of culture alone, expression decreased significantly to 48.72+8.37%
(P= .04). When the fresh CD133" cells were cultured with CD133 cells, VEGFR-2
expression increased significantly to 74.92+4.36% (P= .04). However, for derived
CD133" cells, VEGFR-2 expression before culture was 95.88+1.32% and did not
significantly change whether cells were cultured alone (98.18+0.74%) or with CD133"

cells (98.20+0.96%; see Figure 2-E3, A).

Cytokines and Growth Factors Released by CD133" Cells

The supernatant of cultured CD133" cells was shown to have elevated levels of
different cytokines and growth factors (see Figure 2-E3, B). These included (fold increase
vs control given in parentheses) growth-related oncogene (GRO;4.7); interleukin (IL) 1B

(2.6); IL-6 (38.0); IL-8 (23.1); IL-10 (8.9); monocyte chemoattractant protein (MCP) -1
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(12.4); macrophage inflammatory protein (MIP) 1B (3.5); regulated upon activation,
normal T-cell expressed and secreted (RANTES; 3.1); and neutrophil-activating protein
(NAP) 2 (3.0). The release of GRO, IL-6, IL-8, IL-10 and MCP-1 by CD133" cells was
also significantly greater than their release from cultured fresh and derived CD133" PB

progenitors after 24 hours (Figure 2-3, C).

Comparison of Vasculogenic Potential of Progenitor Populations

In vitro vasculogenesis assays on all 6 cell populations (Figure 2-4, A-H) revealed
that derived CD133" cells (0.31+0.02 mm?) and pooled-derived CD133" cells (0.32+0.04
mm?) significantly enhanced the complete area of tubules formed compared with control
cells (P< .03) while MSCs (0.002+0.00 mm?) significantly decreased capillary formation
(P=.01; Figure 2-4, 1). Total tube length was also calculated for each cell type revealing
that derived CD133" cells (9.37+1.15 mm), pooled-derived CD133" cells (9.89+0.91mm)
and fresh CD133" PB cells (9.04+0.79 mm) had significantly enhanced capillary tube
length compared to control (P< .01; Figure 2-4, J). The presence of MSCs from the BM
(0.19+£0.06 mm) created an environment that significantly inhibited the ability of
HUVECs to form extended capillaries (P< .001). The derived CD133" cells
(22.84+3.26%) and the pooled-derived CD133" cells (18.90+2.53%) had significantly
greater physical contribution to the total area of capillaries compared to the other groups

(P<.001; Figure 2-4, K).

52



HE CD133+ cells alone
A B [ CD133+ cells with CD133- cells

100 I CD133+ cells with CD133- supernatant

35+ * *N\
* 5
80 4 (:1 30 4
B g
S
: 8 >
P % 20 4
8 ES
o &
> 2
S 404 g 15
g >
> S
s @
s 5 10+
20 E
o
g 51
z
0 04
FreshCD133+PB  FreshCD133+BM  Classical EPC PB MSC BM Derived CD133+  Pooled-derived CD133+ Fresh (day 0) Derived (day 14)
Progenitor Cell Populations Cell types
c *N\H#
o Il Control medium
2 40 (] Fresh CD133+ cell supernatant
5 [ Derived CD133+ cell supernatant
© [_] CD133- PB cell supernatant
e
i)
<]
&
> 30 A
©
s *NH#
<
2 |
£
X
e
> 20 +
—
S
> *AH#
2 *N#
9]
<
5 10 -
a *N\H#
=B * * *A
E *
S
P4
0 -
GRO IL-lbeta IL-6 IL-8 IL-10  MCP-1 MIP-1beta RANTES NAP-2
Cytokines

Figure 2-3: Cell migration.

A, The average number per field of view of migrating cells for the 6 progenitor
populations. *P< .001 versus all other cell populations. PB, Peripheral blood; BM, bone
marrow; EPC, endothelial progenitor cell; MSC, mesenchymal stem cell. B, The number
per high powered fields of migrating CD133" cells (fresh or derived) with CD133" cells
or its supernatant after 24 hours of culture. *P< .005 versus CD133" alone; "P< .05
versus incubation with CD133" cells. C, Relative expression of selected cytokines and
growth factors (normalized to controls for each cytokine). *P<.005 versus control media;
AP<.05 versus supernatant of fresh CD133" peripheral blood cells; *P<.05 vs. supernatant
of derived CD133" peripheral blood cells. GRO, Growth-related oncogene; IL,
interleukin; MCP-1, monocyte chemoattractant protein 1; MIP-1 beta, macrophage
inflammatory protein 1p; RANTES, regulated upon activation normal T cell expressed
and secreted; NAP-2, neutrophil-activating protein 2.
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Figure 2-E3: Mechanisms involved in the migration improvement by cell
interactions.

A, Expression of VEGFR-2 on fresh or derived CD133" cells cultured with or without
CD133" cells for 24h. *P<.05. B-F, Representative cytokine/growth factor array images
of cytokine/growth factor map of array membrane (B); culture medium only (C); CD133"
peripheral blood (PB) cell supernatant after 24 hours of incubation (D); fresh CD133* PB
cell supernatant after 24 hours of incubation (E); and derived CD133" PB cell supernatant
(F) after 24 hours of incubation are shown. Pos, Positive; Neg, negative; ENA-78,
epithelial cell-derived neutrophil-activating protein-78; GCSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GRO,
growth-related oncogene; 1-309, a small glycoprotein secreted by activated T-cells; IL,
interleukin; IFN, interferon; MCP, monocyte chemoattractant protein; MCSF,
macrophage colony- stimulating factor; MDC, macrophage-derived chemokine; MIG,
monokine induced by gamma interferon; MIP, macrophage inflammatory protein;
RANTES, regulated upon activation normal T-cell expressed and secreted; SCF, stem cell
factor; SDF, stromal cell-derived factor; TARC, thymus and activation-regulated
chemokine; TGF, transforming growth factor; TNF, tumor necrosis factor; EGF,
epidermal growth factor; IGF, insulin-like growth factor; VEGF, vascular endothelial
growth factor; PDGF, platelet-derived growth factor; BDNF, brain-derived neurotrophic
factor; BLC, B-lymphocyte chemoattractant; FGF, fibroblast growth factor; GCP,
granulocyte chemotactic protein; GDNF, glial cell line—derived neurotrophic factor;
HGF, hepatocyte growth factor; IGFBP, insulin-like growth factor-binding protein; IP-
10, interferon-inducible protein 10; LIF, leukemia inhibitory factor; LIGHT,
lymphotoxin-related inducible ligand that competes for glycoprotein D binding to herpes
virus entry mediator on T-cells; MIF, macrophage migration inhibitory factor; NAP,
neutrophil-activating protein; NT, neurotrophic factor; PARC, pulmonary and activation-
regulated chemokine; PIGF, placental growth factor; TIMP, tissue inhibitor of

metalloproteinases.

55



#
*A
*nFH

Average complete area of tubule
structure formation (mm2)
Complete tube length (mm)

*

co““o\ P8 g BN oo PR Sca 133% 433
CeenC ?F’?eshcoﬁ ool © W edg; wed C>

Progenitor cell populatlons

& 8

N
S
L

% Area contribution from
8

progenitor cells/totgl area of capillaries
(5,

o
L

o
|

e a 001’33)«

B M 3
cont® e 2BV coc® N\Sca V¥
resn € F‘es“col Cossd ed ¢ e

Progenitor cell populanons

56

cnn\m\

resh

Dﬁyv 0133*\:;"_‘ Qe\EpCPB
el

WL o oW o3
Fresh

exN " et derive

Progenitor cell populatlons



Figure 2-4: Cell vasulogenesis.

A-H, Representative images of the contribution of progenitor cells (red) to the formation
of capillary structures with HUVECs: (A) HUVEC alone (control); (B) fresh CD133" PB
cells; (C) fresh CD133" BM cells; (D) PB “classical” endothelial progenitor cells (EPCs);
(E) BM MSCs; (F) BM MSCs with DAPI-stained HUVECS; (G) derived CD133" PB
cells; and (H) pooled-derived CD133" PB cells. Scale bar = 150 pm. (I) Average
complete area of tubule structure formation with different progenitor cell populations.
Derived and pooled-derived CD133" PB cells had significantly greater capillary
formation compared to fresh CD133" from PB (*P< .007), MSC from BM ("P< .001)
and control (*P< .05). (J) Derived and pooled-derived CD133" progenitors and fresh
CD133" PB cells had significantly greater complete tube length formation compared to
control. *P< .01 versus control; "P< .001 versus all cell populations. (K) Derived
CD133" progenitors had the greatest physical contribution compared to all groups except
the pooled-derived CD133" cells. "P< .001 versus derived and pooled-derived CD133"
PB cells.
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Discussion

Preclinical and early clinical trials have suggested that transplantation of
progenitor cells have the potential to improve the function of an ischemic and/or infarcted
myocardial territory (Assmus et al. 2002; Stamm et al. 2003; Bartunek et al. 2005;
Hofmann et al. 2005; Stamm et al. 2007; Suuronen et al. 2007; Zhang et al. 2008).
However, it still remains unknown which cell source or cell type is optimal for vascular
regeneration and myocardial functional restoration. It will be crucial to elucidate the
basic biology and characterization of specific populations, and compare them with
respect to their functional properties to optimize significant clinical benefits. In this
regard, the current study demonstrated the successful expansion of human CD133" PB
progenitors, which appear to be of superior vasculogenic potential for myocardial cell
therapies based on in vitro comparison studies.

Previous studies showed that autologous CD133" cells enhanced myocardial
perfusion and global function (Bartunek et al. 2005; Suuronen et al. 2006; Stamm et al.
2007). However, the frequency of CD133" progenitors in the blood and BM is low, and
their mechanism and function in therapeutic vasculogenesis or cell therapy remain
unclear. In this study, we examined CD133" cells to better characterize these progenitors
and also expanded their number for increased relevance for cell-based therapy. A nearly
11-fold expansion of pooled-derived CD133" PB cells was achieved by serial removal of
the non-adherent CD133" cells every 2 days over a period of 8 days, generated from
culture of the CD133" fraction of PB-MNCs. These cells also expressed CD34 and
VEGFR-2 (56.2 to 69.4%), suggesting that serial expansion generated progenitor cells

similar to circulating CD133"CD34"VEGFR-2" EPCs (Peichev et al. 2000). To a lesser
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extent (3-fold expansion), CD133"CD34"VEGFR-2" cells were also derived from the
culture of CD133 cells after a 2-week period. Our data indicate that the reduced cell
expansion observed with this protocol likely resulted from the inhibitory effects of other
CD133" cells in the culture. Specifically, CD133" cell generation was significantly
inhibited by the presence of whole PB-MNC supernatant or CD133" cells, suggesting that
the removal of CD133" cells creates an environment conducive to CD133" cell
generation. Conversely, direct contact with CD133" cells and/or the release of
cytokines/soluble factors from these cells may inhibit CD133" generation by paracrine
mechanisms.

Direct comparison of the derived CD133" cells with several commonly used
progenitors showed that the “classical” EPC population had the greatest migratory
potential response to VEGF. “Classical” EPCs consist of a heterogeneous mix of cells
including those of monocytic, hematopoietic and endothelial lineage; and their greater
migratory potential may be related to interactions between cell populations (Shantsila et
al. 2007). Notably, it was observed that migration was enhanced for both fresh and
derived CD133" PB progenitors when combined with CD133" cells or their supernatant.
VEGFR-2 expression on these cells was also investigated to try to explain this improved
migration because VEGF was the chemotactic agent used. For fresh CD133" cells,
VEGFR-2 expression was increased significantly when incubated with CD133" cells.
However, for derived CD133" cells, the expression of VEGFR-2 (already at
approximately 96%) was not significantly changed after co-culture with CD133" cells.
This can partly explain the greater improvement in migration for fresh CD133" PB cells

compared to that of derived CD133" PB cells. Therefore, one important mechanism by
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which interaction with CD133" cells may improve migration of the CD133" progenitor
cells is increased VEGFR-2 expression.

Since CD133" cell migration was significantly increased by co-culture with the
CD133" cell supernatant, it is likely that paracrine effects through the secretion of
cytokines and chemokines are involved in regulating cell function. The CD133"
supernatant expressed elevated levels of GRO, IL-1p, IL-6, IL-8, IL-10, MCP-1, MIP-18,
RANTES, and NAP-2 compared to control media. Therefore, provision of cytokines and
growth factors from other circulating cell populations may be involved in regulating the
migratory capacity of CD133" progenitor cells. In addition, recent evidence suggests that
neovascularization/vasculogenesis of the dysfunctional myocardium from paracrine and
humoral factors, as well as secondary recruitment of host cells are the likely mechanisms
leading to functional improvement in CAD patients (Ruel et al. 2002; Yoon et al. 2005).

This study also revealed that derived CD133" cells are functionally more potent
than several other select progenitor cells with respect to their vasculogenic potential in
vitro. Overall, the derived CD133" cells demonstrated significantly greater contribution to
form capillary-like structures in vitro (incorporation, total capillary area, and length). The
capacity of freshly isolated CD133"CD34"VEGFR-2" cells to yield endothelial cells has
recently been questioned (Case et al. 2007). However, the greater direct incorporation of
derived CD133" progenitor cells into capillary-like structures observed in this study
suggests that these cells may have improved endothelial differentiation. It is possible that
intercellular interaction between different cell types is required for optimal function of
the CD133"CD34"VEGFR-2" population, a consideration not explored in the previous

study. Alternatively, greater paracrine effects of derived CD133" cells on the HUVECS is
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suggested by the greater total capillary area and length seen with the addition of derived
CD133" cells compared with the other progenitor populations.

Interestingly, the 2 cell populations from the BM differed in their in vitro
vasculogenic potential: the fresh CD133" fraction contributed to capillary-like formation,
whereas the cultured MSCs did not. Although these are in vitro results, this is consistent
with recent evidence demonstrating that different cell populations from the BM differ in
their vasculogenic potential (Copland et al. 2008). Also, it has been demonstrated that
without prior environmental conditioning or differentiation into endothelial cells, the
ability of MSCs to contribute to capillary-like structures in Matrigel is compromised
(Annabi et al. 2003). It was shown that the ability of the BM population to contribute in
vasculogenesis was associated with the positive expression of endothelial cell surface
markers CD34, VEGFR-2 and/or CD31 (Annabi et al. 2003).

However, the limitations of this study need to be acknowledged. First, all
functional evaluations and comparisons were performed in in vitro assays. Nevertheless,
previous studies have reported that similar results were obtained in in vitro migration and
vasculogenesis assays versus in vivo studies (Heeschen et al. 2004; Matsuura et al. 2009).

Second, in this study, only VEGF-induced migration capability was assessed.
Several chemokines and growth factors have been shown to be responsible for stem cell
homing and migration to the myocardium, such as VEGF, stromal cell-derived factor 1,
MCP-3, hepatocyte growth factor, fibroblast growth factor 2, and insulin-like growth
factor 1. These different factors recruit and regulate different stem cell populations.

VEGEF is a potent and highly specific mitogen for EPCs, and previous data indicates that
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VEGF overexpression improves EPC migratory, adhesive, and proliferative capabilities
both in vitro and in vivo (lwaguro et al. 2002).

To our knowledge, this is the first study to directly compare the functional
properties of five commonly used progenitor cell populations in simple in vitro
experiments, in an effort to elucidate the vasculogenic potential of these cells. Derived
CD133" cells appear to be a superior source of vasculogenic cells for transplantation
based on this study. Also, interactions (cytokine/paracrine mechanism) between cell
populations in vitro were observed to improve the migratory function of CD133"
progenitor cells, which may have implications for clinical applications as well. Therefore,
derived CD133" PB cells merit further investigation as potentially more effective and
potent endothelial progenitors for cardiac cell-based therapy. Interactions between cell
populations also require further attention in order to improve current cell-based
vasculogenic therapies. An optimal cell population for cell-based vasculogenic treatment
may exist: (1) that is likely a combination of different subtypes that can
augment/participate in vasculogenesis; and/or (2) that requires interaction with the host
cells for maximal therapeutic effect.

In conclusion, despite heightened expectations, the benefits of cell-based cardiac
therapy have not yet been established in patients. The field must remain willing to return
to the laboratory in order to improve our mechanistic understanding and refine our
therapeutic approaches. The present study, albeit in vitro, attempted to perform this by
comparing different cell populations for the first time, by investigating cell-cell and cell-
soluble factor interactions, and by testing a method to expand a rare progenitor identified

as being more vasculogenically potent than other commonly used cell populations.
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Supplemental Materials and Methods

Isolation of CD133" Cells From PB

Total PB-MNCs were freshly isolated from the blood of human donors by using
Histopaquel077 (Sigma) densitygradient centrifugation of buffy coats. On the initial day
of PB-MNC isolation, CD133" cells were separated from PB-MNCs by using CD133-
microbeads and a magnetically activated cell sorter (autoMACS; Miltenyi Biotech,
Bergisch-Gladbach, Germany), thereby providing day 0 (fresh) CD133" cells and

CD133 PB cells.

Expansion of CD133" Cells From CD133" PB Fractions

CD133" fractions were plated on fibronectin-coated, 12-well culture plates
(Becton Dickinson, Mississauga, Canada) at a density of 1x10° cells/cm2 in EBM-2
supplemented with EGM-2-MV-SingleQuots (Clonetics) containing 5% fetal bovine
serum, 50 ng/mL human VEGF, 50 ng/mL human insulin-like growth factor 1, and 50
ng/mL human epidermal growth factor. Two different protocols were used to obtain
derived CD133" PB cells. Cells in protocol 1 had fresh media added to the wells every 3
days without aspiration of the old media. After 14 days, both adherent and nonadherent
cells were collected and separated by means of autoMACS to obtain derived CD133" PB
cells. In protocol 2 the nonadherent population was removed every 2 days over a period
of 8 days and separated with the autoMACS machine to collect CD133" cells. The
generated CD133" cells were cryopreserved in 1-mL aliquots with 10% dimethyl
sulfoxide in complete media. After 8 days, cryopreserved cells from days 0, 2, 4, 6 and 8
were thawed and combined to constitute the pooled—derived CD133" population

(hereafter referred to as pooled—derived CD133" PB cells).
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Isolation of EPCs
Briefly, total human PB-MNCs were cultured in supplemented EBM-2 media on
fibronectin-coated tissue-culture plates (1x10® MNCs/cm?) for 4 days. The adherent cells,

hereafter referred to as ““classical’” EPCs, were then collected.

Isolation of CD133" Cells and MSCs From BM

Donor marrow was aspirated from the sternum with a standard marrow aspiration
needle and washed in Hanks balanced salt solution (Gibco Invitrogen, Burlington,
Canada) to obtain BM cells. Bone marrow was digested completely with collagenase type
I (250 U/mL, Gibco Invitrogen), and the cell suspension was filtered with a 70-mm nylon
cell strainer (Becton Dickinson). Isolated BM-MNCs were separated from the CD133
fraction by means of autoMACS to obtain day 0 (fresh) CD133" BM cells. The filtered
cell suspension was washed and plated at 1.3x10° cells/cm® in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Gibco Invitrogen), 2
mmol/L L-glutamine (Sigma), and 100 U/mL penicillin/streptomycin (Gibco Invitrogen)
to obtain ex vivo expanded MSCs. After 4 days, the nonadherent cells were removed. The
media was replaced every 3 days for 2 weeks or until the adherent MSC population was
80% to 90% confluent. The phenotype of the MSC population was characteristically

CD29°CD44"CD45 (data not shown).
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CHAPTER 3: MANUSCRIPT #2

Introduction to Manuscript #2

In addition to insufficient numbers of therapeutic cells, stem cell therapy is also
hindered by a low rate of cell engraftment and persistence in the target tissue. With the
advances in biotechnology, tissue engineered biomaterials provide the possibility to
improve transplanted cell retention, survival, and function. Previous work indicated that a
collagen-based matrix can support multiple tissues and cell types, thus might constitute
suitable delivery vehicles for cell transplantation (Li et al. 2003; Suuronen et al. 2006).
My group and others have reported that collagen-based delivery matrices improve the
functional results of cell therapy (Kutschka et al. 2006; Suuronen et al. 2006). However,
further understanding their mechanisms and local effects is limited to the histological
examination. In this study, to investigate the effects of a collagen-based delivery matrix
on transplanted human CPCs, PET imaging with ®*F-FDG cell labeling was used for
assessing the ability of a collagen-matrix to improve the early retention of transplanted

CPCs in a rat ischemic hindlimb model.
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Abstract

Background: Collagen delivery matrices have been reported to improve the results of
cell therapy, but knowledge of their mechanisms of action is limited. To evaluate whether
a collagen delivery matrix improves engraftment posttransplantation, 2-[**F]fluoro-2-
deoxy-D-glucose (**F-FDG) was used to label transplanted circulating progenitor cells

(CPCs) and track them in vivo with positron-emission tomography.

Methods and Results: Efficiency of '®F-FDG cell labeling was CPC-concentration
dependent (r=0.61, P<0.001) but not ‘®F-FDG-dose dependent. Labeled human CPCs (2x
10°%) were injected with or without a collagen-based matrix in the ischemic hindlimb of
rats (n=12 per group) 2 weeks after femoral artery ligation. Imaging of labeled cells,
acquired by small animal positron-emission tomography at 150 minutes postinjection,
revealed greater CPC retention in the ischemic hindlimb and less nonspecific leakage to
other tissues (retention ratio, 0.44+0.08) when CPCs were delivered within the collagen
matrix, compared with cells injected alone (0.22+0.13, P=0.040) and with *F-FDG
injected with or without the matrix (0.10£0.05 and 0.11+0.05, respectively; p<0.005).
Tissue radionuclide biodistribution was performed after completion of positron-emission
tomography imaging. When '®F-FDG-labeled cells were injected with the collagen
matrix, accumulation was significantly increased (by 69.6%; P=0.021) in the target
ischemic hindlimb muscle, and significantly reduced (by 14.8 to 31.4%; P<0.05) in non-
specific tissues, compared with cells injected alone. Histology confirmed the increased
retention in target tissue associated with the matrix.

Conclusions: Early posttransplantation, a collagen matrix enhances progenitor cell

retention and limits distribution to non-specific tissues, as measured by the use of *8F-
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FDG labeled cells and positron-emission tomography imaging and confirmed by

biodistribution and histology.

Key Words: stem cells; tissue engineering; transplantation; ischemia; imaging
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Introduction

Growing evidence from experimental studies (Kocher et al. 2001; Orlic et al. 2001) and
clinical trials (Wollert et al. 2004; Assmus et al. 2006; Abdel-Latif et al. 2007; Patel et al.
2007) suggest that cell therapy can restore perfusion and improve function in ischemic
and/or infarcted myocardium. Circulating progenitor cells (CPCs) have been shown to
contribute to neovascularization in ischemic tissues, where they may differentiate into
endothelial cells in situ and result in “vasculogenesis” (Kawamoto et al. 2003; Ruel et al.
2004; Numaguchi et al. 2006). CPCs can be obtained by non-invasive means, thus
providing the potential for autologous clinical use.

However, stem/progenitor cell therapy is hindered by a low rate of engraftment
and low persistence of cells in the target tissue. Depending on the method of delivery and
the cell fraction used, transplanted cells can quickly fade from the target tissue in a matter
of hours to a few days (Cho et al. 2007; Doyle et al. 2007). Therefore, insufficient cell
numbers and inadequate cellular interactions may not allow for an optimal therapeutic
effect. Furthermore, delivery of cells to other non-specific body sites constitutes an
unwanted potential side effect. Considering the rapid loss of the delivered cells and the
modest benefits of cardiac cell therapy using bone-marrow derived cells observed in
clinical studies (Abdel-Latif et al. 2007; Patel et al. 2007), it is likely that improvements
in stem/progenitor cell delivery, engraftment and survival will be needed for more
effective restoration of myocardial function.

Previous work, including our own, has shown that tissue engineered collagen-
based matrices can support multiple tissues and cell types (Suuronen et al. 2004;

Suuronen et al. 2006), and constitute suitable cell delivery vehicles (Kofidis et al. 2005;
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Suuronen et al. 2006; Suuronen et al. 2006). It has been hypothesized that the collagen,
which mimics the extracellular matrix, may provide local physical retention and a good
platform for cell seeding during direct cell transplantation (Suuronen et al. 2006).
However, the evaluation of the ability of matrices to improve cell viability and
engraftment has so far been limited primarily to histological assessment of tissue at a
single time point. This study was therefore designed to use in vivo imaging to examine
one mechanism by which a collagen matrix may enhance the short-term effects of CPC
transplantation through improved early retention of transplanted cells.

To this end, we employed small animal positron emission tomography (PET),
which is an advanced nuclear imaging technology with high sensitivity and high spatial
resolution. PET not only provides the potential for determining the nature of transplanted
cells and of their progeny in vivo, but also offers serial monitoring capabilities that add to
the clinical relevance of this modality. PET imaging with 2-[*®F]fluoro-2-deoxy-D-
glucose (*|F-FDG) cell labeling has been used to track a few types of cells, such as
monocytes, bone marrow-derived cells, hematopoietic stem cells, in animal (Qian et al.
2007) and human studies (Hofmann et al. 2005; Kang et al. 2006). However, use of ‘*F-
FDG to label CPCs for the assessment of delivery matrix effects on transplanted cells has
not been reported.

In the present study, we evaluated the feasibility of using **F-FDG to label CPCs
for tracking by small animal PET, and examined the effect of collagen-based matrices on
the early retention of transplanted CPCs and their distribution to non-specific tissues in a

rat model of hindlimb ischemia.
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Methods

Cell Isolation and Culture

Human CPC procurement procedures were approved by the Human Research Ethics
Board of the University of Ottawa Heart Institute. Total peripheral blood mononuclear
cells were freshly isolated (with informed consent) from the blood of volunteer, healthy
human donors by Histopaque 1077 (Sigma-Aldrich, Oakville, Canada) density-gradient
centrifugation of buffy coats, as described previously (Ruel et al. 2005). Briefly, cells
were cultured on fibronectin-coated plates in endothelial basal medium (EBM-2;
Clonetics, Guelph, Canada) supplemented with EGM-2-MV-SingleQuots (Clonetics)

(Ruel et al. 2005). After 4 days, the adherent population (CPCs) was collected.

Collagen Matrix Preparation

Similar to methods described previously (Suuronen et al. 2006), collagen-based matrices
(pH 7.5) were prepared on ice. Briefly, matrices consisted of a mixture of blended
neutralized type | rat tail tendon collagen (0.4%, wt/vol; Becton Dickinson, Mississauga,
Canada) and chondroitin 6-sulfate (1:6, wt/wt; Sigma), cross-linked with 0.02% (vol/vol)
glutaraldehyde and followed by glycine termination of unreacted aldehyde groups. This
formulation allowed the matrix to thermogel at 37°C, following injection into animal

tissue.

BE_FDG Cell Labeling

CPCs were incubated with **F-FDG at 37°C for 30 minutes in a 15-mL centrifuge tube
(Fisher Scientific, Ottawa, Canada), under sterile conditions. Various dose ranges of *2F-
FDG (0.5 to 4.0 mCi [18.5 to 148 MBq], 4.1 to 6.0 mCi [151.7 to 222 MBq] and 6.1 to
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8.0 mCi [225.7-296 MBq]) and different concentrations of CPCs (2x10° cells, in 1, 3 or
5mL of media) were tested, in order to optimize the efficiency of the labeling procedure.
In select experiments, insulin (0.1 U/mL) and heparin (10 U/mL) were added to the
incubation in an attempt to improve labeling efficiency. At the end of incubation, cells
were washed in PBS to remove unbound radioactivity. The radioactivity was measured
both in cells and in the supernatant, by using a dose-calibrator (Capintec, Ramsey, NJ).
With correction for radiolabel decay, cell-labeling efficiency was calculated as the

activity in cells over the total activity used in the incubation.

Stability and Viability of Labeled Cells

To assess the stability of the labeling procedure, labeled cells were rinsed and
centrifuged, and the cell pellet was resuspended in 2 mL PBS and incubated at 37°C for 2
hours. The retention of **F-FDG within CPCs was calculated as above. To determine the
effects of labeling on cell viability, labeled or non-labeled cells (1x10°) suspended in 1.0
mL EBM were plated and incubated for an additional 0.5 hours, 24 hours or 5 days. Cell
viability was assessed using the Vi-CELL analyzer (Beckman Coulter, Mississauga,

Canada) with a Trypan Blue Dye Exclusion Method.

Retention of *®F-FDG in Matrices

BF_FDG-labeled CPCs (1x10°%) in 50 uL of PBS or '®F-FDG alone (using the same
radioactivity and volume as the labeled CPCs) were added to the matrix solution (450
uL) on ice. Gels were plated at 500 uL per well in 24-well flat-bottom plates (VWR,
Mississauga, Canada) and incubated at 37°C for 60 minutes to allow complete gelation of

the matrix. Matrix gels were transferred into 2 mL PBS and incubated at 37°C for 2
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hours. After incubation, the radioactivity in matrices was counted to determine the
retention of ®F-FDG in matrices. Controls consisted of 1x10° *F-FDG-labeled cells in

500uL PBS.

Hind limb Ischemia Animal Model

Procedures were performed with the approval of the University of Ottawa Animal Care
Committee, in accordance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals. The left proximal femoral artery of anaesthetized (2%
isoflurane) 8- to 9-week-old Sprague Dawley rats (Charles River, Wilmington, Mass) was
ligated to induce ischemia, as previously described (Takeshita et al. 1998). Survival for
all treatment groups was 100%. Two weeks after ligation, anaesthetized rats randomly
received one of the following treatments, administered by intramuscular injection into the
ischemic thigh muscle, using a 28-gauge needle: (1) 2x10° **F-FDG-labeled CPCs (34.7
to 56.9 uCi) in 400 uL of matrix (n=15); (2) 2x10° ®F-FDG-labeled CPCs (32.0 to 61.0
uCi) in 400pL PBS (n=15); (3) ®F-FDG (54.9 to 130.2 uCi) in 400 uL of matrix (n=12);

or (4) ®°F-FDG (51.9 to 148.4 puCi) in 400 pL PBS (n=12).

Small Animal PET Imaging for Localization of **F-FDG-Labeled CPCs

For some animals (n=3 to 4 per treatment group), whole body ®F-FDG images (150
minutes post-injection) were acquired for 15 minutes using the Inveon small animal PET
scanner (Siemens, Knoxville, Tenn). Images were reconstructed using OSEM2D,
resulting in a reconstructed image resolution of =~1.3 mm. To determine relative retention
in the injected hind limb, Inveon Research Workplace (Siemens, Knoxville, Tenn) was

used to draw one cuboid volume that completely encompassed the hind limb, and a
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second cuboid volume that contained the whole body. After correcting for injected
activity, total counts in both volumes were expressed as a retention ratio of hind

limb/whole-body counts.

Biodistribution of *®F-FDG Labeled CPCs

Although under anesthetic, rats were euthanized by cervical dislocation (at 180 minutes
post-injection) and their tissues were dissected. Biodistribution of the specific
radioactivity accumulation in different tissues was determined by a vy counter
(PerkinElmer Life and Analytical Sciences, Waltham, Mass), and the tissues were
weighed. Data are expressed as percentage of the injected dose per gram of wet tissue for
all tissues other than the ischemic hind limb, and as percentage of the injected dose per
organ for the ischemic hind limb, in order to account for differences in harvested and

injected hind limb tissue locations (Thackeray et al. 2007).

Immunofluorescence Assessment

Hind limb muscles were dissected from 0.5 cm above to 0.5 cm below the marked
injection site, fixed with 4% paraformaldehyde, and sectioned at 2.5 mm thickness to
ensure equivalent sampling. Tissue samples were stored in 10% neutral buffered
formalin, paraffin embedded, and slides were prepared using 5-um serial sections.
According to the manufacturer’s protocol, transplanted human EPCs were localized by
immunofluorescence staining using anti-human mitochondria antibodies (1:40;
Chemicon, Temecula, Calif). The sections were mounted with mounting medium

containing 4°,6-diamidino-2"-phenylindole (DAPI, Vector Laboratories, Burlingame,
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Calif) to labeled cell nuclei. The percentage of transplanted cells per field of view was

calculated from 4 random sections at different levels as:

number of human mitochondria"DAPI" cells

x 100%
number of DAPI" cells

Statistical Analysis

Data are expressed as mean + SD. Statistical analyses between groups were performed
with a one-way analysis of variance. For multiple comparison of **F-FDG PET imaging,
a Bonferroni correction was applied to each test. Correlation analyses were performed by

linear regression. Differences with P<0.05 were considered statistically significant.

Statement of Responsibility

The authors had full access to and take full responsibility for the integrity of the data. All

authors have read and agree to the manuscript as written.

Results

BE_FDG Cell Labeling Efficiency Depends Primarily on the Concentration of CPCs

Using 1x10° CPCs, there was no correlation between the retention and the amount of *8F-
FDG in the incubation (Table 3-1). Therefore, within the **F-FDG dose range used, CPC
labeling efficiency was not *®F-FDG-dose dependent (P=0.18, n=5/group).

A total of 2x10°® CPCs and 2 mCi *®F-FDG were incubated in three different

volumes (Figure 3-1A). The highest ®F-FDG retention in CPCs (7.6+4.4%, n=12) was
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obtained in the most concentrated group (ie, 1 mL total incubation volume). *F-FDG
accumulation decreased as incubation volumes were increased, indicating that the
labeling efficiency of '®F-FDG was dependent on the concentration of CPCs (r=0.61,
P<0.001, n=9), with an overall labeling efficiency range of 1.5 to 12% (Figure 3-1B).
Additional experiments revealed that insulin and heparin did not increase the retention of

F_FDG in CPCs (data not shown).

Table 3-1 Retention of ¥F-FDG in CPCs

Dose (mCi) CPC (x10° FDG accumulation in cells (%)
0.5-4.0 1.0 1.5+0.6
4.1-6.0 1.0 1.6+0.5
6.1-8.0 1.0 1.4+0.5

n=>5 per group
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Figure 3-1: The effect of CPC concentration on cell labeling efficiency.
A, The maximum labeling efficiency (7.6+4.4%) was obtained in the group with 2x10°
CPCs in 1mL total incubation volume (n=12 per group). B, The labeling efficiency was

proportional to CPC concentration (r=0.61, P<0.001, n=9 per group).
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Labeled CPCs Exhibit Good Short-term Stability and Viability

The retention of F-FDG in CPCs was 42.1+3.1% (n=6) after a 2-hour incubation,
indicating that labeled cells showed efflux of radioactivity into media.

To investigate the effect of ®F-FDG labeling on cells, labeled cell viability was
measured at 0.5 hour, 24 hours or 5 days after labeling. As shown in Figure 3-2,
radiolabeling had no effect on CPC viability (P=0.21) up to 24 hours postlabeling.

However, there was a slight reduction in viability (-15.9+6.6%) after 5 days (P<0.05).

¥E_FDG Radioactivity Postlabeling Indicates Persistence in Cells Rather Than Non-

specific Retention in the Matrix

To evaluate whether matrices retain *F-FDG and may interfere with PET imaging of
labeled CPCs, the retention of *F-FDG in matrices was measured in vitro under non-flow
conditions. After 2-hour incubation, the retained *®F-FDG radioactivity of labeled cells
within the matrix was 32.3+6.9%, whereas the ®F-FDG radioactivity of labeled cells
alone was 26.8+3.0% (Figure 3-3), with no significant difference between the 2 groups
(P= 0.11). Retained '®F-FDG radioactivity in the collagen matrix alone (without cells)

was only 4.1+1.0%, and significantly less than the other 2 groups (P<0.005).
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Figure 3-2: The effect of **F-FDG labeling on cell viability.
No difference was observed in the short-term (0.5 and 24 hours) viability between
radiolabeled cells and unlabeled controls; however, lower cell viability was observed in

labeled CPCs after 5 days post-labeling (n=6 per group). *P<0.05.
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Collagen Matrices Maintain Labeled Cells Within the Target Tissue and Minimize

Delivery to Nonspecific Tissues and Organs

Determination by PET Imaging of *®F-FDG Labeled Cells

Small animal PET whole-body imaging was performed in rats after treatment with ‘*F-
FDG-labeled cells with or without the matrix, in order to assess the ability of matrices to
improve retention of the transplanted CPCs in the hind limb. At 150-minute postinjection
(Figure 3-4), greater signal intensities in the ischemic hind limb relative to the whole
body were observed when CPCs were delivered with the matrix. The retention ratio of
BE_FDG radioactivity in the ischemic hind limb to whole-body **F-FDG radioactivity for
hind limbs receiving CPCs in the matrix (0.44+0.08) was significantly greater than that
observed for labeled CPCs in PBS (0.22+0.13; P=0.040), and to **F-FDG injected in the
matrix and in PBS (0.10+£0.05 and 0.11+0.05, respectively; P<0.005). PET imaging
results also indicate that the accumulation of ®F-FDG in heart, bladder and other
nonspecific organs was lower when CPCs were delivered with matrix versus the other

treatment groups (Figure 3-4).
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Labeled CPCs+Matrix Labeled CPCs BE_FDG+Matrix BEFDG

Figure 3-4: Small animal PET whole-body images at 150 minutes postinjection.

Images of transplanted °F-FDG-labeled CPCs delivered with the matrix showed
significantly higher hind limb/whole-body retention ratios indicating minimized signals
in the non-specific organs, and less clearance through the bladder compared to the other
groups. Images are normalized based on the injected activity of *F-FDG to be visualized

on a common scale.
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Determination by Biodistribution of **F-FDG-Labeled Cells

For confirmation, biodistribution of the specific radioactivity accumulation in different
organs was determined after completion of PET scans. As shown in Figure 3-5, with use
of the matrix there was a significant increase in retention (69.6%; P=0.021) of **F-FDG-
labeled CPCs within the ischemic hind limb muscle, and an overall reduction (by 14.8 to
31.4%; P<0.05) of labeled cell distribution to nontarget tissues, including the heart, lung,

kidney, spleen, liver and brain.

Determination by Immunofluorescence Analysis of Transplanted Cells

The retention of transplanted human CPCs in the ischemic hind limb was also confirmed
by immunofluorescence analysis, using anti-human mitochondria antibody and DAPI
(Figure 3-6). The percentage of cells per field of view that were transplanted cells was
greater in the ischemic hind limb of rats injected with cells + matrix (3.0£2.1%)
compared with injection of cells alone (1.9+0.8%, P=0.048). The retention ratio
calculated from PET images correlated with the number of transplanted cells in the hind

limb as determined by immunofluorescence (r=0.845, P=0.017).
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Figure 3-5: Biodistribution of ®F-FDG accumulation in different organs 180
minutes after injection.

A, Radioactivity in the ischemic hind limb muscle. Distribution of '*F-FDG-labeled
CPCs in the group delivered in matrix was significantly greater in the target tissue
(ischemic hind limb). B, Radioactivity in the nonspecific tissues. There was an overall
reduction of labeled-cell distribution in kidney, spleen, and other nonspecific tissues.
*P<0.05, versus FDG (n=12); ~P<0.05, versus FDG with the matrix (n=12); *P<0.05,
versus FDG-labeled CPCs (n=15).
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Figure 3-6: Identification of the transplanted cells.

Identification of the transplanted cells (arrows) in the ischemic hindlimb of rats by
human-specific anti-mitochondrial antibody (red fluorescence, cytoplasm). The slices are
also stained by 4°,6-diamidino-2"-phenylindole (blue fluorescence, nucleus). A, The
hindlimb muscle injected with *®F-FDG-labeled human CPCs; B, The hindlimb muscle
injected with '®F-FDG-labeled human CPCs delivered in the matrix. There were more
transplanted CPCs in the hindlimb with injection of cells delivered in the matrix
(P<0.05). Scale bar =50 pum.

86



Discussion

The main findings of this study are: (1) that use of a collagen-based matrix increased the
early retention of CPCs delivered in vivo (observed only 2 to 3 hours post-
transplantation); (2) that a collagen-based matrix minimized the distribution of CPCs to
nonspecific tissues; (3) that *®F-FDG is a usable tracer for monitoring transplanted CPCs,
and provides a promising platform for the development of non-invasive PET imaging
approaches for trafficking of CPC delivery within matrices in real time; and (4) that the
success of the PET imaging methods in evaluating the effect of the matrix on CPC
transplantation was validated by 2 conventional methodologies (biodistribution and
immunofluorescence). Our study therefore introduces a novel concept that in addition to
improving the long-term engraftment of transplanted cells, a collagen delivery matrix
may also enhance the short-term effects of cell therapy since differences in cell retention
were observed at an early stage posttransplantation.

Stem cells and/or progenitor cells are being widely investigated as a potential
therapy for ischemic heart disease. Satisfactory cell deposition and engraftment in the
target area are considered likely therapeutic prerequisites. The use of CPCs for cardiac
angiogenic activity has previously resulted in some benefits, but the retention and
survival of implanted cells in the myocardium is only between 1 and 10% (Aicher et al.
2003). The development of tissue engineered matrices for the delivery and support of
transplanted cells has recently attracted interest in the cardiac field. Collagen-based
biomaterials have been developed to support cell growth and for the restoration of
myocardial infarction (Ozawa et al. 2002; Kofidis et al. 2003; Boccafoschi et al. 2005;

Kutschka et al. 2006). The advantages of collagen matrices are their large surface area for
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cell seeding, porosity for capillary in-growth, stability for mechanical support,
biodegradability, and minimal immunogenicity (Kofidis et al. 2003; Boccafoschi et al.
2005). Previous work from our group indicated that in vitro adhesion of the CPC derived
CD133" cells was greatest on a collagen type | substrate; and use of a collagen-based
matrix for the delivery of CPCs into ischemic hind limbs of rats improved the retention of
the transplanted cells and increased tissue vascularization, as determined by
immunohistochemical analysis performed 2 weeks after transplantation (Suuronen et al.
2006).

In this study, noninvasive in vivo PET imaging and subsequent biodistribution and
immunofluorescence analysis demonstrated related observations at earlier time points
after transplantation than previously investigated. CPC retention in the ischemic hind
limb muscle was ~11% of injected dose at 180 minutes after injection without the matrix.
With use of the matrix, retention was enhanced by ~70% in the target tissue.

To date, cardiac cell therapy has resulted only in modest clinical benefits (Abdel-
Latif et al. 2007; Patel et al. 2007), perhaps limited by the low retention and survival of
implanted cells. It has been demonstrated that the loss of injected cells from the target
tissue occurs at an early stage post-transplantation (Aicher et al. 2003; Cho et al. 2007;
Doyle et al. 2007), but their effects can be sustained by host tissues that are induced by
the transplanted cells to express humoral factors involved in angiogenesis, antiapoptosis,
and chemoattraction of bone marrow cells (Cho et al. 2007). Therefore, the observation
that our collagen matrix improved the very early retention of cells within the target tissue
suggests that its use may confer enhanced short-term therapeutic cell effects in addition

to its benefits to long-term cell engraftment. It is conceivable that by minimizing the
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rapid loss of transplanted cells, the collagen matrix may augment and/or prolong the cell
transplant-mediated host humoral response.

The ability to assess the engraftment and survival of transplanted cells is also of
importance for the study of cell-based therapeutic strategies. Traditionally, the fate of
transplanted cells is assessed by postmortem histological examination at a single time
point in animal studies. For visualization, ex vivo cell labeling methods are used prior to
transplantation using a vital dye (eg, 4’,6-diamidino-2’-phenylindole), a thymidine analog
(eg, 5-bromodeoxyuridine) or a conventional reporter gene (eg, green fluorescent
protein). Alternatively, established radioisotope methods used in clinical nuclear
medicine offer an attractive option for cell imaging, with the advantage of non-invasive
cell tracking at several time points. The present study demonstrated that PET imaging
with ®F-FDG cell labeling was feasible for the assessment of CPC retention and
distribution in the early stages of transplantation with and without a matrix. To our
knowledge, this is the first study using PET imaging to investigate and demonstrate the
effect of collagen matrices on cell transplantation in vivo.

F_FDG is an attractive radiotracer for labeling stem cells since it enables PET
imaging of cell tracking in vivo, and exploits normal metabolic activity of target cells,
thereby reducing any risk of functional alteration. In this study, we successfully labeled
human CPCs with *F-FDG with minimal alteration of viability. The viability of labeled
cells was preserved up to 24 hours, with a slight subsequent reduction observed at 5 days.
Our results also demonstrated that cell labeling efficiency of '|F-FDG was CPC-
concentration dependent but not FDG-dose dependent. Similar observations have been

reported in studies using **1n or **™Tc (Rao et al. 1982; Ecclestone et al. 1990).
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Because only viable cells will retain **F-FDG in the cytoplasm, an added benefit
to its use is that retention of **F-FDG might reflect the viability state of the cells (Kang et
al. 2006). However, a possible limitation of labeling cells with **F-FDG is that significant
leakage of the radiotracer after initial cellular accumulation may occur. Several studies
using ®F-FDG have reported a labeling efficiency of less than 10% for some types of
stem cells due to a high efflux rate in the first hour post-labeling. Ma et al (Ma et al.
2005) showed that rat mesenchymal stem cells can be labeled with *F-FDG but 98%
release of the radiotracer occurs in the washing process. Our results also showed a
significant rate of radiolabel release from CPCs during the washing process. Stability
studies on labeled cells showed a ~ 50% label loss after 2-hour incubation. Although
insulin has been shown to improve ®F-FDG retention in cells, it was not effective in
improving the labeling efficiency in CPCs (Kang et al. 2006). It is possible that CPCs
may have an insufficient level of G-6-phosphatase activity, or perhaps insulin does not
have an inhibitory effect on G-6-phosphatase activity in CPCs (Paik et al. 2002).
Importantly, despite the dosage loss, the radioactivity could still be monitored by PET in
Vivo.

Another limitation of **F-FDG cell labeling is the rather short half-life of *F (110
minutes) that only permits the monitoring of cell fate for several hours. Advances in
nanotechnology are enabling the development of new PET agents with improved
sensitivity for the tracking of cells using longer-lived radionuclides. For example, ®*Cu-
labeled nanoparticles have been used to image the macrophages in inflammatory
atherosclerosis (Nahrendorf et al. 2008), and although not yet widely available, agents

such as these may provide an appealing alternative for long-term or repeated imaging.
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In summary, *®F-FDG is a usable tracer for monitoring transplanted CPCs, and
provides a promising platform for the development of non-invasive PET imaging
approaches for trafficking of CPC delivery within matrices in real-time. This study used
PET imaging and traditional confirmatory techniques to demonstrate that collagen-based
matrices significantly improved the very early retention of transplanted CPCs in the
ischemic tissue, and limited their non-specific distribution. This mechanism conferred by
the matrix may have implications on the effects of cell therapy at the early stages after

transplantation in addition to the long-term benefits of improved cell engraftment.
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Clinical Perspective

Regenerative medicine for the treatment of cardiac disease is rapidly developing.
However, our understanding of the efficacy of cell therapies and of the adjuvant role of
tissue engineered materials, such as collagen matrices, is largely limited to postmortem
histological assessment, which is unsuitable for clinical use. As a noninvasive molecular
imaging modality, PET imaging can be applied longitudinally and has the capability to
assess biological processes at the molecular and cellular levels. The current study used
18F-FDG cell labeling and PET imaging to monitor the distribution of transplanted
endothelial progenitor cells in real time and to better understand the role of delivery
matrices in cell therapy. By using this imaging technique, we found that a collagen-based
matrix can improve the early retention of transplanted cell in the target tissue. We believe
with further refinement, molecular imaging techniques of transplanted cells will
contribute to the elucidation of the optimal stem cell type(s) and dose, the evaluation of
adequate administration methods, the assessment of delivery of the cells and
biopolymers, and the development of novel tissue engineering strategies. Therefore,
tissue engineering and PET imaging could help expand the clinical applications of cell

therapies in years to come.
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CHAPTER 4: MANUSCRIPT #3

Introduction to Manuscript #3

In the previous manuscript, | reported a significant leakage of '*F-FDG from
labeled cells. Although **F-FDG-CPCs could be detected by PET, a more stable labeling
approach would still be desirable. | next proposed to evaluate *F-HFB as a new
radioligand, which might be a superior cell tracker for PET. To evaluate the feasibility of
F-HFB to label human CPCs for cell tracking, PET imaging was performed to monitor
cell homing and retention of intramyocardially injected CPCs in a rat myocardial
infarction model. The use of *F-HFB was compared with the properties of *F-FDG

labeling for PET imaging of transplanted CPCs.
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Abstract

Cell therapy is expected to restore perfusion and improve function in the
ischemic/infarcted myocardium; however, the biological mechanisms and local effects of
transplanted cells remain unclear. To assess cell fate in vivo, hexadecyl-4-
[*8F]fluorobenzoate (**F-HFB) cell labeling was evaluated for tracking human circulating
progenitor cells (CPCs) with positron emission tomography (PET), and was compared to
the commonly used 2-[*®F] fluoro-2-deoxy-D-glucose (**F-FDG) labeling method in a rat
myocardial infarction model. CPCs were labeled with **F-HFB or *®F-FDG ex vivo under
the same conditions. *®F-HFB cell labeling efficiency (23.4+7.5%) and stability (4h,
88.4+6.0%) were superior to *F-FDG (7.6+4.1% and 26.6+6.1%, respectively; p<0.05).
Neither labeling approach significantly altered cell viability, phenotype or migration
potential up to 24h post-labeling. Two weeks after left anterior descending coronary
artery ligation, rats received echo-guided intramyocardial injection in the infarct border
zone with: ®F-HFB-CPCs; ®F-FDG-CPCs; ®F-HFB; or |F-FDG. Dynamic PET
imaging of both **F-HFB-CPCs and *®F-FDG-CPCs demonstrated that only 16-37% of
the initial injection dose (ID) was retained in the injection site at 10min post-delivery,
and remaining activity fell significantly over the first 4h post-transplantation. The ‘*F-
HFB-CPC signal in the target area at 2h (23.7+£14.7%ID/g) and 4h (17.6+13.3%ID/q)
post-injection was greater than that of *®F-FDG-CPCs (5.4+2.3%ID/g and 2.6+0.7%ID/g,
respectively; p<0.05). Tissue biodistribution confirmed the higher radioactivity in the
border zone of *F-HFB-CPC rats. Immunostaining of heart tissue sections revealed no
significant difference in cell retention between two labeled-cell transplantation groups.

Good correlation with biodistribution results was observed in the ®F-HFB-CPC rats

97



(r=0.81, p<0.05). Compared to **F-FDG, labeling human CPCs with *F-HFB provides a
more efficient, stable, and accurate way to quantify the distribution of transplanted cells.
F_HFB cell labeling with PET imaging offers a better modality to enhance our

understanding of early retention, homing, and engraftment with cardiac cell therapy.

Key Words: stem cells; myocardial infarction; transplantation; cell tracking; positron

emission tomography
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Introduction

Despite considerable advances in cardiovascular therapeutics over the past few
decades, our ability to effectively treat myocardial infarction and subsequent congestive
heart failure remains limited by the fact that necrotic or scarred myocardium cannot be
restored. Cell-based regenerative therapy is a promising strategy for myocardial repair.
Initial animal studies and clinical trials have demonstrated that intramyocardial injection
of circulating progenitor cells (CPCs) can restore regional perfusion and improve
function in the ischemic/infarcted myocardium (Kawamoto et al. 2003; Hendrikx et al.
2006). However, further understanding the biological mechanisms and local effects of
transplanted cells remains mostly restricted to post-mortem histological assessment
(Yukawa et al. 2009), which is a single time point analysis and unpractical with human
subjects. Little quantitative data on the biodistribution and in vivo kinetics of transplanted
stem/progenitor cells in the myocardium and the whole body have been reported.
Therefore, the development of non-invasive imaging approaches for monitoring the fate
and tissue distribution of transplanted cells would provide useful insights.

Positron emission tomography (PET) is a well-developed tool for studying
myocardial blood flow, metabolism and cardiac function, and is proving to be useful for
evaluating cell therapeutic responses. As an advanced nuclear imaging technology, PET
combines high sensitivity, good spatial resolution, and whole body imaging to track
transplanted stem cells (Zhang et al. 2008). Therefore, PET can be used as a non-invasive
imaging technique to assess cell fate longitudinally. Moreover, PET provides the
potential for quantification of cell numbers in specific tissues of interest. PET imaging

techniques have been proposed and evaluated in several cell delivery models (Adonai et
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al. 2002; Aicher et al. 2003; Hofmann et al. 2005). To implement PET cell imaging, it is
important to develop a stable radiolabeling method without altering cell viability or
function. One common approach to assess the distribution pattern of transplanted cells
with PET is 2-[*®F] fluoro-2-deoxy-D-glucose (**F-FDG) cell labeling (Hofmann et al.
2005). Our group has used this technique to evaluate the ability of tissue-engineered
matrices to improve the early retention of transplanted human CPCs in an ischemic
hindlimb model (Zhang et al. 2008). Although '®F-FDG labeled cells could be detected
by PET, we and others have also observed significant leakage of **F-FDG from labeled
cells (Adonai et al. 2002; Zhang et al. 2008).

Hexadecyl-4-[®F]fluorobenzoate (*°F-HFB), a lipophilic long-chain ester
derivative, is a novel radioligand that is absorbed into the cell membrane, and thus might
be a superior cell tracker for PET imaging. Recently, it has been used to image rat
mesenchymal stem cells (MSCs) by micro-PET after intravenous injection to healthy
animals (Ma et al. 2005). However, use of *|F-HFB to label human cells for the
assessment of cardiac cell therapy has not been reported. In addition, it has not been
compared to other commonly used cell tracking methods, such as ®F-FDG, nor has its
cytotoxic effect on labeled cells been evaluated.

In this study, we evaluated °F-HFB labeling properties for monitoring
intramyocardially injected CPCs with PET imaging in a rat myocardial infarction (MI)
model. Also, we assessed *®F-HFB cytotoxicity, and the possibility of *F-HFB labeling
for the evaluation of human CPCs delivered in a collagen matrix. All in vitro and in vivo

studies of *®F-HFB labeling were compared to an ®F-FDG labeling approach.
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Materials and Methods

Radiotracer Synthesis

BF_HFB was synthesized by a 3-step procedure according to previously described
methods (Ma et al. 2005). Briefly, the triflate precursor was synthesized after
esterification of 4-(N,N-dimethylamino)benzoyl chloride (Sigma-Aldrich, Oakville,
Canada) with 1-hexadecanol (Sigma-Aldrich). **F-HFB was produced by *®F-substitution
and purified by high-performance liquid chromatography with 20-40% vyield (decay
corrected) and high radiochemical purity (>99%). Pure ®F-HFB was dissolved in 10%

DMSO/saline.

Cell Isolation and Culture

Human CPC procurement was approved by the Human Research Ethics Board of the
University of Ottawa Heart Institute. After acquiring informed consent from healthy
human donors, total peripheral blood mononuclear cells (PBMNCs) were freshly isolated
from human peripheral blood by Histopaque 1077 (Sigma-Aldrich) density-gradient
centrifugation. Subsequently, PBMNCs were cultured on fibronectin-coated plates in
endothelial basal medium (EBM-2; Clonetics, Guelph, Canada) supplemented with EGM-
2-MV-SingleQuots (5% fetal bovine serum, vascular endothelial growth factor (VEGF),
insulin-like growth factor-1, and human epidermal growth factor). After 4 days, the

adherent population (CPCs) was collected as described previously (Ruel et al. 2005).

Cell Radiolabeling
Harvested CPCs were incubated with **F-HFB for 30 minutes in a sterile centrifuge tube
under various conditions, including different dose ranges of *®F-HFB (0.4-0.6 mCi, 1.5-
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2.5 mCi or 5.0-7.0mCi), different concentrations of CPCs (2.0x10° cells in 1, 3, or 5 mL
PBS) and different temperatures (4, 22, or 37°C). In parallel experiments, CPCs were
labeled with **F-FDG under these same conditions. At the end of incubation, cells were
washed to remove unbound radioactivity. The radioactivity was measured both in cells
and in the supernatant, by using a dose-calibrator (Capintec, Ramsey, NJ). With
correction for radiolabel decay, cell-labeling efficiency was calculated as the activity in

cells over the total activity used in the incubation.

Cell Labeling Stability

Radiolabeled cells were resuspended in 2 mL PBS and incubated at 37°C for 2 hours and

4 hours. The retention of ®F-HFB or ¥F-FDG within CPCs was calculated.

Viability of Labeled CPCs

The relative survival of labeled cells was evaluated by using the Vi-CELL analyzer
(Beckman Coulter, Mississauga, Canada) with a Trypan Blue Dye Exclusion Method.
Radiolabeled or unlabeled CPCs (1x10°%) suspended in 1.0 mL EBM were plated, and
viability was assessed after an incubation of 2, 4, 24 hours or 5 days. Cell viability was

also measured with CPCs incubated with non-radioactive HFB.

Phenotype of Labeled CPCs

The phenotype of ®F-HFB-CPCs and ®F-FDG-CPCs was assessed by flow cytometry
analysis (FACSAria cell sorting system; BD Biosciences, San Jose, CA) using CD144,
vascular endothelial growth factor receptor-2 (VEGFR-2), L-selectin (CD62L), and

CD34 antibodies (Becton Dickinson, Mississauga, Canada) at 24 hours post-labeling.
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Migratory Potential of Labeled CPCs

In vitro cell migration assays were performed as described previously (Zhang et al.
2010). Briefly, ®*F-HFB-CPCs, ®F-FDG-CPCs, or unlabeled controls were incubated
with 4'6-diamidino-2'-phenylindole (DAPI, Molecular Probes, Eugene, OR), and then
2x10” cells were placed separately in the upper chamber of a modified Boyden chamber
with VEGF-free media. The lower chamber contained serum-free media with 50ng/mL
VEGF (Sigma-Aldrich). After 24 hours of incubation, cells that migrated into the lower

chamber were counted in 6 random high powered fields.

Retention of *F-HFB in Matrices

Collagen-based matrices (pH ~7.5) consisted of a mixture of blended neutralized type I
rat tail tendon collagen (0.4%, wt/vol; Becton Dickinson, Mississauga, Canada) and
chondroitin  6-sulfate (1:6, wt/wt; Sigma), cross-linked with 0.02% (vol/vol)
glutaraldehyde (Zhang et al. 2008). *F-HFB-CPCs (1x10°, in 50 pL PBS) or *F-HFB
alone was added to the matrix solution (450 puL) on ice. Matrix mixture was plated and
incubated at 37°C for 60 minutes to allow complete gelation. Matrix gels were then
transferred into 2 mL PBS and incubated at 37°C for 2 hours. Before and after

incubation, the radioactivity in matrices was measured.

Myocardial Infarction Animal Model

Procedures were performed with the approval of the University of Ottawa Animal Care
Committee, in accordance with the Canadian Council on Animal Care's Guide to the Care
and Use of Experimental Animals. Sprague Dawley rats (8-9 weeks old, Charles River,

Wilmington, MA) were anesthetized (2% isoflurane, inhaled), intubated and ventilated,
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and then the heart was exposed via a sternotomy. Subsequently, a 7-0 suture was placed
in the anterior myocardium at one thirdof the length of the heart, towards the apex, so that
the left coronary anterior descending artery was completely ligated to induce MI

(Suuronen et al. 2007). After two weeks, the survival for all animals was 77.3%.

Echo-guided Cell Delivery

Two weeks after ligation, MI rats were anesthetized and anchored in a supine position.
Echocardiography was performed with a Vevo770 system (VisualSonics, Toronto,
Canada) in B mode with the use of a 716 series real-time microvisualization (RMV)
scanhead probe. Rats randomly received one of the following treatments in 50 uL PBS
(n=8/group), administered by echo-guided intramyocardial injection into the infarct
border zone with a 27-gauge needle: (1) 2x10° ®F-HFB-CPCs; (2) 2x10° ®F-FDG-CPCs;
(3) ®F-HFB:; or (4) ®*F-FDG. To this end, the syringe was secured in a micromanipulator
(VisualSonics), and both the needle and RMV scanhead probe were aligned before the
injection procedure (Rodriguez-Porcel et al. 2005; Yeghiazarians et al. 2009). The needle
was retracted from the ultrasound field of view with the use of the micromanipulator until
the needle tip was in the desired location within the heart, which was proximal to the
infarct area (defined by poor wall motion). The cell mixture was then injected into the

border zone of the anterior wall.

PET Imaging for Localization of Labeled CPCs In Vivo

For some animals (n=5/group), *®F-PET images were acquired using the Inveon small
animal PET scanner (Siemens, Knoxville, TN) for cell localization at 10 minutes, 2

hours, and 4 hours post-injection. *N-NH; PET imaging was also performed for
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anatomic delineation of the heart and liver. Image reconstruction resulted in an image
resolution of approximately 1.3 mm. ‘®F-microPET image data were analyzed in three
cardiac axes (axial, coronal and sagittal) with the Inveon Research Workplace, and fused
with *N-NH; images. Regions of interest (ROIs) were manually drawn around the
injection site, normal myocardium, lung, and liver by visual inspection. The same ROIs
were used at the three scan time points. The radioactivity of each ROl was expressed as
percentage of the injected dose per gram (%ID/g) for all tissues, and the percentage of the
injected dose (%ID) was also calculated in the MI border zone as %ID/g x ROl volume
(cm?®, assuming a tissue density of 1g/cm®) to determine the relative retention of injected

cells in the target site.

Biodistribution of Labeled CPCs

After PET scan completion (at 5 hours post-injection), rats were sacrificed and tissues
were harvested. Biodistribution of the radioactivity accumulation in different tissues was
determined by a gamma counter (PerkinElmer Life and Analytical Sciences, Waltham,

MA), and the tissues were weighed. Data were expressed as %ID/g.

Immunofluorescence Assessment of Transplanted Human CPCs

Hearts were sliced into 3 sections: the infarct centre, the border zone, and the normal
myocardium. Tissue samples were fixed with 4% paraformaldehyde and embedded in
paraffin, and slides were prepared in 5 um serial sections. Transplanted human CPCs
were localized by immunofluorescence staining with anti-human mitochondria antibodies
(1:40; Chemicon, Temecula, CA). The sections were mounted with mounting medium

containing DAPI (Vector Laboratories, Burlingame, CA). The percentage of transplanted
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human cells ((number of human mitochondria"DAPI* cells + number of DAPI" cells)
x100) per field of view (/FOV) was calculated from 4 random slides of each section as

described previously (Zhang et al. 2008).

Statistical Analysis

Data are expressed as mean + standard deviation (SD). Statistical analyses between
groups were performed with a one-way analysis of variance, with Bonferroni corrections
as appropriate. Correlation analyses were performed by linear regression. Differences

with p<0.05 were considered statistically significant.

Results

Ex Vivo CPC Labeling Efficiency

The factors influencing cell labeling efficiency were studied to determine the optimal
labeling conditions for in vivo tracking studies. There was no correlation between the cell
uptake and the amount of radiotracer in the incubation for both *|F-HFB (p=0.78,
n>5/dose range) and **F-FDG (p=0.46, n>4/dose range) groups (Figure 4-1A).

CPCs (2x10° were incubated with *®F-HFB or *F-FDG in 3 different volumes
(1, 3, and 5mL) resulting in different cell concentrations (2x10° 0.7x10° and 0.4x10°
CPCs/mL). Labeling efficiency in 5 mL was 8.3+3.4% (**F-HFB) and 1.6+0.7% (*®F-
FDG), and in 3mL was 11.4+3.9% (**F-HFB) and 4.2+2.3% (*®*F-FDG). As shown in
Figure 4-1B, labeling efficiency was significantly increased for both *F-HFB and °F-

FDG labeling when incubation was performed in 1mL (23.4£7.5% and 7.6+4.1%,
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respectively; p<0.05). A cell concentration—dependent incorporation of **F-HFB labeling
(r=0.81, p<0.05) was observed with an overall labeling efficiency of 4.2-48.4%.

Three different temperatures (4°C, 22°C, and 37°C) were also tested. The highest
retention of ®F-HFB (31.6+3.2%) and *F-FDG (5.6+1.4%) in CPCs was obtained when
labeling occurred at 37°C (Figure 4-1C).

On the basis of these results, in subsequent in vitro and in vivo experiments, 2x10°
CPCs were incubated with 2 mCi of radiotracer (**F-HFB or *F-FDG) in 1mL at 37°C.
Overall, with any given condition, **F-HFB labeling efficiency was better than that of

BE_FDG (all p<0.05).
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Figure 4-1: Cell labeling efficiency of **F-HFB and ®F-FDG.

A) The effect of radiotracer dose on labeling efficiency; B) the effect of cell
concentration on labeling efficiency; and C) the effect of temperature on labeling
efficiency (*p<0.05 versus **F-FDG labeling; ~p<0.05 versus other conditions within

group; n>4/group).
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Labeling Stability

To evaluate the efflux rate of **F-HFB and ®F-FDG from the cells, the retention of
radioactivity in labeled CPCs was measured. After a 2h- or 4h- incubation, the retention
of 8F-HFB in labeled CPCs (91.6+5.1% and 88.4+6.0%, respectively) was significantly
higher compared to *F-FDG-CPCs (42.5+4.3% and 26.6+6.1%; p<0.05), demonstrating

greater labeling stability of *F-HFB -CPCs (Figure 4-2).

Cytotoxicity of Labeling in CPCs

To investigate the effect of radiolabeling on cells, CPC viability at 0, 2, 4, 24 hours, and 5
days post-labeling was measured (Figure 4-3A). There were no significant differences
among ‘®F-HFB-CPCs, ®F-FDG-CPCs and the unlabeled controls in the first 4 hours. At
24 hours post-labeling, however, a reduction in **F-HFB-CPC viability (65.8+13.3%)
was observed compared to the controls (81.8+6.9%, p<0.05). After 5 days, there was a
loss in viability for both *®F-HFB-CPCs (62.5+10.4%) and ®F-FDG-CPCs (72.1+14.7%)
compared to the unlabeled cells (84.0£13.3%, p<0.05). To further investigate whether the
increased radioactivity in ®*F-HFB-CPCs or the HFB compound itself cause cell death,
we also incubated CPCs with non-radioactive HFB. There was no significant difference
between HFB-CPCs (68.7+7.0%) and ‘®F-HFB-CPCs in 24h cell viability. However,
viability of HFB-CPCs (69.7+14.7%) at 5 days was better than *®F-HFB-CPCs, but less
than the controls, suggesting that both increased radioactivity and HFB itself contributed

to the death of *®F-HFB-CPCs.
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Figure 4-2: Stability of radiolabeling in **F-HFB-CPCs and *F-FDG-CPCs.
After a 2h- or 4h- incubation, the retention of *®F-HFB in labeled CPCs was significantly
higher than *®F-FDG-CPCs (*p<0.05 versus *F-FDG-CPCs; n=5/group).
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Figure 4-3: The effect of radiolabeling on cell phenotype and function.

A) Labeled cell viability. (*p<0.05 versus untreated CPCs; ~p<0.05 versus “*F-FDG-
CPCs; *p<0.05 versus HFB-CPCs; n=6 per group) B) Representative flow cytometric
analysis of cell phenotype at 24 hours post-labeling. The expression of CD144, VEGFR-
2, CD62L and CD34 on the unlabeled CPCs, ®F-FDG-CPCs, and *®F-HFB-CPCs.
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Table 4-1 Cell phenotypes and function at 24 hours post-labeling

Cell Types Expression of Cell Markers (%)

Cell Migration

CD144  VEGF-R2 L-selectin  CD34 (cell number
[field of view)

Unlabeled CPCs 20.5+14.1 12.7#4.1 729125  34.948.3 58.5+26.4

BE.FDG-CPCs  22.1+10.8 15.8+7.8 67.1+8.6 37.4+12.0 60.0+27.3

BE.HFB-CPCs  22.2+12.0 10.9+26  68.945.6 38.0+12.2 56.5+19.6

n=6 per group

112



The phenotype of labeled CPCs was confirmed at 24 hours post-labeling by cell
surface marker expression analysis of CD144", VEGF-R2", L-selectin®, and CD34"
(Figure 4-3B and Table 4-1). There was no significant difference among these three
groups for any of the markers (all p>0.30), suggesting that neither radiolabeling method
affected the phenotype of CPCs.

To define whether radiolabeling induces the cytotoxicity in cell function, in vitro
migration potential of labeled cells was tested (Table 4-1). The number of migrating cells
JFOV was not significantly different between '®F-HFB-CPCs, ®F-FDG-CPCs, and
unlabeled controls (p=0.90), indicating the functional activity of human CPCs to migrate
in response to VEGF in an in vitro assay was not affected by **F-HFB or ‘®F-FDG

radiolabeling.

In Vitro Retention of **F-HFB or **F-HFB-CPCs in the Collagen Matrix

To identify whether collagen matrices retain ‘®F-HFB, the retention of ‘®F-HFB in
matrices was measured in vitro. When ®F-HFB was added directly to the matrix,
65.9+5.4% ‘®F-HFB was retained in the matrices after its gelling. After a 2h- incubation,
93.4+1.4% of this retained activity was still in the matrix, while the radioactivity of ‘*F-
HFB-CPCs within the matrix was 90.5+6.0%, and the radioactivity of **F-HFB-CPCs
alone was 86.6+£3.5%, with no significant difference among these three groups (p= 0.14,
Figure 4-4). The retained radioactivity of ®F-HFB alone without cells in the collagen
matrix was significantly higher than that of **F-FDG alone in the matrix (4.1+1.0%,

p<0.005).

113



O18F-FDG ™ 18F-HFB

*

I

o O

o O
! J

*

Retention of Radioactivity (%)
nh
o

Radiotracer+matrix Radiolabeled CPCs Radiolabeled
CPCs+matrix

Figure 4-4: "®F-HFB retention in matrices.

There was no difference between °F-HFB+matrix, '®F-HFB-CPCs and |F-HFB-
CPCs+matrix. However, retention of 8F-HFB in the matrix was significantly higher than
that of 8F-FDG (*p<0.05 versus all ®F-FDG groups; ~p<0.05 versus *F-FDG +matrix;
n>4/group).

114



A Injection Biodistribution

Eiho l I8F-Scanl 18F-Scan2 '>N-NH3 Scan I8F-Scan3
L ] 1 1 1 1 J
-30min 0 10min 2h 2.5h 4h Sh l

B 20%1D/g

I8F-FDG-CPCs

ISF-HFB-CPCs

10% ID/g

ISF-HFB

10 min

% Injection Dose at Border Zone

0 T
10min 2h 4h

Figure 4-5: Dynamic PET imaging of labeled-CPCs after intramyocardial injection.

A) Flow diagram of in vivo study; B) PET fusion image (coronal view) of **N-NH; (gray)
and *®F (color) indicated the distribution of transplanted cells or radiotracers in the Ml rat
at 10 minutes, 2 hours and 4 hours post-injection; *N-NH; image showing reduced
myocardial perfusion in the infarct area, (arrows). Scale bar = 10 mm; C) Kinetics of
transplanted CPCs at the border zone of infarcted myocardium (*p<0.05 versus **F-FDG-
CPCs, n=5/group).
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Dynamic PET Imaging and Cell Kinetics of Transplanted CPCs in Myocardium

The range of radioactivity of injected ®F-HFB-CPCs was 0.6-10.9MBq (0.02-0.29mCi),
and cell viability was 86.6-94.3%; while the range of activity of **F-FDG-CPCs was 0.5-
3.5MBq (0.01-0.10 mCi), and cell viability was 88.1-93.5%.

After cell delivery, PET images of rats were acquired (Figure 4.5A). Dynamic
PET imaging (Figure 4-5B) delineated the myocardial infarct area (ammonia images) and
demonstrated the kinetics of transplanted CPCs (fusion images) in the myocardium and
other organs (such as liver and lungs). Only a small portion of transplanted cells was
retained in the injection site of both *F-HFB-CPC (11.8+7.7%ID) and ‘*F-FDG-CPC
(11.0+8.9%ID) rats at 10 minutes post-transplantation. In images of the **F-HFB-CPC
rats, radioactivity in the infarct border zone progressively declined to 6.9+3.5%ID after 2
hours and 4.7+2.7%ID after 4 hours. However, this was greater than that observed for
BE_FDG-CPCs (2.5+1.2%ID and 1.4+0.5%ID at 2 and 4 hours, respectively; p<0.05;
Figure 4-5C).

Outside the injection site, some activity was present in the normal myocardium,
lungs, liver, and other tissues (Figure 4-6). At 10 minutes post-injection (Figure 4.6A), a
transient high lung uptake was observed in *F-HFB-CPC (2.3+0.9%ID/g) and *®F-FDG-
CPC (2.3+1.9%ID/g) rats. In animals treated with **F-HFB alone, a different tracer
distribution was observed, with an obvious high liver activity (5.1+2.4%I1D/g); whereas
high uptake was visible in the normal myocardium of **F-FDG rats (1.3+0.3%ID/g). At 2
hours post-injection (Figure 4-6B), the most notable change was the relocation of activity
from the injection site to the normal myocardium of **F-FDG-CPC rats. At 4 hours post-

injection (Figure 4-6C), retention of **F-HFB-CPCs in the border zone (17.6+13.3%ID/g)
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was still observed. In contrast, there was no significant difference between the activity of
injection site and normal myocardium of ‘®F-FDG-CPC rats (2.620.7%ID/g versus
2.4+0.4%ID/g). In both *F-HFB-CPC and '®F-FDG-CPC groups (1.6+0.6%ID/g and
1.9+1.1%ID/q, respectively), a slightly higher uptake was detected in the liver compared

to *®F-HFB and ‘®F-FDG rats.

Radionuclide Biodistribution of CPCs in Rats

Consistent with the in vivo *F-HFB-CPC images, the majority of the radioactivity was
detected in the border zone at 5 hours after intramyocardial injection of CPCs. Tissue
radionuclide biodistribution (Figure 4-7) indicated that 17.2+8.9%ID/g was detected in
the border zone of ®F-HFB-CPC rats, compared to only 3.1+1.5 %ID/g in *®F-FDG-CPC
rats (p<0.05). No significant radioactivity was detectable in the normal myocardium of
BF_HFB-CPC (0.70.6%I1D/g) and ®F-HFB (0.5+0.4%ID/g) rats, whereas *F-FDG-CPC
(3.0+1.6 %ID/g) and ®F-FDG (3.7+1.7%ID/g) rats showed relative high uptake in this
region. Outside the border zone, liver, spleen, lung and bone marrow showed cell

accumulation in cell transplantation rats.
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Figure 4-6: The dynamic distribution of transplanted CPCs.

PET images indicated radioactivity measured at the border zone, normal myocardium,
lung and liver at: A) 10 minutes post-injection; B) 2 hours post-injection; C) 4 hours
post-injection (*p<0.05 versus *®F-FDG-CPCs; ~p<0.05 versus **F-HFB; *p<0.05 versus
BE_FDG; n=5/group).
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Figure 4-7: Biodistribution of radioactivity in different organs at 5 hours post-
injection.

The activity of ®F-HFB-CPCs in the border zone of infarcted myocardium was greater
than that of *®F-FDG-CPCs (*p<0.05 versus **F-FDG-CPCs; ~p<0.05 versus **F-HFB;
#p<0.05 versus *F-FDG).
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Detection of Transplanted CPCs by Immunofluorescence

To confirm the results obtained by PET imaging and radiotracer biodistribution, and to
gain further insight into transplanted CPC incorporation in the myocardium,
immunofluorescence was performed on heart tissue sections. In the heart of cell-
transplanted rats, injected CPCs (human mitochondria® cells) were found predominantly
in the border zone (Figure 4-8A-B). In contrast, transplanted cells were rarely detectable
in the infarct scar and normal myocardium. There was no significant difference in the
percentage of transplanted cells /FOV at the border zone between ®F-HFB-CPC rats
(3.0+0.7%) and ®F-FDG-CPC rats (2.6 +0.6%, p=0.21). To further evaluate the accuracy
of ®F-HFB and '°F-FDG labeling, a correlation between immunostaining and
biodistribution results was analyzed. Better correlation was observed for the *F-HFB-
CPC group (r=0.81, p<0.05; Figure 4-8C), compared to that of **F-FDG-CPCs (r=0.51,

p<0.05; Figure 4-8D).
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Figure 4-8: Immunofluorescence identification of transplanted cells in the border
zone of infarcted myocardium.

A-B) Transplanted CPCs (arrows) in the border zone of A) ®F-HFB-CPC and B) *°F-
FDG-CPC rats identified by specific anti-human mitochondria (red, cytoplasm) and
DAPI (blue, nucleus). Scale bar = 125 pm; C-D) Correlation between
immunofluorescence and radionuclide biodistribution of C) **F-HFB-CPCs and D) *F-
FDG-CPCs in rat hearts. A better correlation was observed for the **F-HFB-CPC group.
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Discussion

The results of our study demonstrate that labeling with ®F-HFB is a feasible
method to assess the homing and tissue distribution of transplanted human CPCs in vivo
with PET. Labeling CPCs with ®F-HFB provided a more efficient, stable, and accurate
way to quantify cell distribution compared to the more commonly used *®F-FDG labeling
method. PET imaging of ‘®F-HFB-CPCs revealed a significant cell washout from the
myocardium immediately after intramyocardial injection, with only a small proportion
(2-7%) of transplanted CPCs remaining in the border zone of infarcted myocardium 4
hours after delivery.

Consistent with previous use in rat MSCs (Ma et al. 2005), *®F-HFB uptake into
human CPCs was modest (12-48%), and ‘®F-HFB is efficiently retained in CPCs over 4
hours (77-95%) in vitro. Optimal labeling efficiency was obtained at 37°C and high cell
concentration conditions. In the comparison study, ‘®F-FDG, the widely available
radiotracer, showed a low labeling efficiency of less than 10%, with a high efflux (only
22-33% retained in CPCs) over the same time period. Overall, the labeling efficiency and
stability for 8F-HFB was significantly higher than *®F-FDG. This may be due in part to
the uptake and retention mechanism of |F-FDG, which depends on cell glucose
transporters. ®F-FDG remains trapped within the cells as the fructose-6 phosphate
analogue (*®F-FDG-6P), except when it is dephosphorylated to *F-FDG by glucose-6-
phosphatase (Plathow et al. 2008). Consequently, the **F-FDG labeling method is likely
better suited for cells with low levels of glucose-6-phosphatase; and this may partly
explain the difference in labeling efficiency of **F-FDG in various cell types (Hofmann et

al. 2005; Rini et al. 2006). In contrast, *®F-HFB, a lipophilic molecule, incorporates
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within the cell membrane, and is independent of any receptor-mediated effect. The
calculated logP value for *F-HFB is 10.189 (for *®F-FDG, it is -2.0085); since a high
logP value is indicative of hydrophobic molecules that cannot be dissolved directly in an
aqueous buffer, it is easily understandable that *F-HFB sticks and is retained in the
lipophilic cell membrane.

PET imaging demonstrated a greater signal of **F-HFB-CPCs in the injection site
compared with ®F-FDG-CPCs a few hours after cell transplantation. There was no
significant difference in the distribution of **F-HFB-CPCs and ‘*F-FDG-CPCs at 10
minutes post-injection. However, after 2 and 4 hours, the signal intensity of *F-HFB-
CPCs was much greater than that of *®F-FDG-CPCs. In contrast, the radioactivity was
high in the normal myocardium of ®F-FDG-CPC rats at this time period. However,
immunofluorescence examination revealed that transplanted human CPCs were rare in
the normal myocardium. We consider the well-known efflux of **F-FDG from labeled
cells as the main reason for the high uptake in this area. Consistent with the PET images
of free ®F-FDG, the normal myocardium exhibited a high portion of activity that was
unbound *®F-FDG, and not transplanted **F-FDG-CPCs. We also found that ‘*F-HFB
radioactivity was rarely taken up by infarcted and normal myocardium. Therefore, ‘*F-
HFB cell labeling may be more reliable method for assessing the distribution of
transplanted human CPCs, especially in the myocardium.

PET imaging indicated an *®F-HFB-CPC-associated distribution of radioactivity,
which is markedly different from the distribution of the free '®F-HFB after
intramyocardial injection. Up to 4 hours after injection, radioactivity was predominantly

located in the border zone (injection site) of '|F-HFB-CPC rats. Immnunostaining
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revealed many intact CPCs in this region and good correlation between the histological
examination and tissue radionuclide biodistribution results. Although few transplanted
cells were found in the infarct scar area, cytokines and growth factors might recruit
transplanted cells to the injured territory (Takahashi et al. 1999; Shintani et al. 2001). It is
known that acute ischemia enhances the expression of chemoattractants and cytokines
mediating homing of CPCs. However, the infarct centre may lack living cells and, thus
may not furnish the necessary instructive signals and/or blood flow for the delivery of
oxygen and nutrients needed for transplanted cell survival and differentiation (Dimmeler
et al. 2005). Therefore, the border zone might be the better region for stem cell delivery,
homing and engraftment.

Our findings also demonstrated a negative effect of ®F-HFB on cell viability after
24 hours, although no significant alteration was observed in cell phenotype and migration
ability at this time point. At 5 days post-labeling, both **F-HFB and **F-FDG reduced cell
viability. Further investigation indicated free HFB is partly responsible for the observed
cell death. We also found that labeling with ®F-HFB using the same concentration of
CPCs (2x10° cell/mL) but a higher radioactivity (259-296MBq) resulted in significant
cell death (data not shown). Although the mean labeling efficiency was not changed, the
radioactivity in single cells increased. In accordance with previous studies (Botti et al.
1997; Brenner et al. 2004), the increased radioactivity could be another cause of cell
death. This is the first study investigating the cytotoxicity of **F-HFB labeled cells.
Although cultivated CPCs showed a low sensitivity to irradiation-induced cell
dysfunction, we would still recommend the use of a combination of radiolabeled cells

with unlabeled cells in clinical trials (Hofmann et al. 2005). For future studies in cell
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imaging with radiolabeling, it will be necessary to carefully check for radiation-induced
impairment of cell viability and function. Another limitation of **F-HFB is the short half-
life (110 minutes) of *®F, so that cell homing, retention and survival can be assessed only
in the first few hours. Other PET isotopes with longer half-lives may be worth pursuing.
For example, ®‘Cu-pyruvaldehyde-bis-(N*-methylthiosemicarbazone) (half-life of 12.7
hours) has been used for tracking Cg rat glioma cells up to 24-36 hours (Adonai et al.
2002). Another commonly used imaging technique considered for cell tracking is
magnetic resonance imaging (MRI), in which cells are labeled with iron oxide (Nohroudi
et al. 2010) or paramagnetic particles (Mai et al. 2009). However, MRI signals cannot
reliably indicate whether cells are dead or alive. While short-term monitoring of cells
does not give insight into the long-term engraftment and function of the therapeutic cells,
without the initial homing event, the cells cannot exert either their paracrine or
regenerating effects.

In this study, we used an echo-guided intramyocardial injection technique to
deliver cells into the target site of rat myocardium in a closed-chest fashion with a high
success rate. By using this novel approach, we can remove the animals with unsuccessful
injections from the study at the time of the injection to assure uniformity of the study
groups. Successful injection was corroborated by PET images. Although the fusion
(injection sites) and **N-NHj (infarct areas) PET images are shown at different slices, the
maximum distance between the injection site and infarct scar was less than 3mm,
confirming cell delivery to the border zone.

The use of circulatory stem cells for therapy is an attractive approach considering

the noninvasive nature of cell procurement (Zhang et al. 2010; Suuronen et al. 2006).

125



Experimentally, the administration of CPCs to ischemic or infarcted myocardium has
resulted in increased blood vessel formation, decreased infarct size, and improved
ventricular function (Kawamoto et al. 2003). Reports have also shown that CPCs can
prevent cardiomyocyte apoptosis, reduce remodeling and improve cardiac function in
areas of neovascularized ischemic myocardium (Kocher et al. 2001). Intramyocardial
delivery of CPCs has recently been shown to enhance left ventricular ejection fraction
recovery in patients after AMI (Losordo et al. 2007). Previous work using ***In-oxine-
labeled human PBMNCs has demonstrated that the intramyocardial injection technique
displayed greater delivery efficiency compared with intracoronary and interstitial
retrograde coronary venous delivery in an ischemic swine model (Hou et al. 2005). In our
study, intramyocardial injection resulted in about 20% of transplanted CPC retention at
10 minutes post-injection; but subsequently, some injected cells moved to the pulmonary
circulation, liver, spleen and bone marrow. Therefore, the absolute number of CPCs
engrafted in the heart is still rather low, which is in accordance with previous studies
(Hou et al. 2005). A low rate of cell persistence is a potential limitation for cell therapy.
One may speculate that the use of tissue engineered scaffolds will enhance the local
retention and therapeutic effects of cells in the injured myocardium (Suuronen et al.
2006; Suuronen et al. 2008). We have previously used **F-FDG labeling to successfully
assess the ability of tissue-engineered matrices to improve the early retention of
transplanted progenitor cells (Zhang et al. 2008). The current study suggests that **F-HFB
may also be suitable for such an application. Unlike *F-FDG, for which only 10-20%
was retained in the matrix, the collagen matrices can bind 60-75% of *®F-HFB and about

90% of this activity will remain in the collagen matrix after a 2h- incubation. However,
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the leakage of '®F-HFB from labeled CPCs is minimal (only 8-15% after 4 hours).
Although this small amount of activity may be trapped in the matrix, it will be
insignificant compared to the activity retained by '|F-HFB-CPCs in the matrix.
Therefore, it is possible that **F-HFB may be usable as a tracer to assess the location and
fate of injected biomatrices in future studies. Therefore, *®F-HFB with PET imaging
could be used to screen various bioengineering, pharmacological or genetic techniques
that may enhance myocardial homing and therapeutic efficacy of transplanted stem cells

(Ruel et al. 2008).

Conclusions

In summary, the results of this study demonstrate that ‘*F-HFB is a usable tracer
for in vivo monitoring of transplanted human CPCs in a rat model of myocardial
infarction. ®F-HFB labeling with PET imaging can help evaluate the efficacy of stem cell
delivery and retention in the target tissue quantitatively. Compared to *F-FDG, the
potential of *®F-HFB labeling to detect differences in cell homing between the border
zone and normal myocardium suggests that this method may provide a better modality to
enhance our understanding of early retention, homing, and engraftment with cardiac cell

therapy.
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CHAPTER 5: MANUSCRIPT #4

Introduction to Manuscript #4

Direct cell radiolabeling methods with PET have been used to track transplanted
stem cells noninvasively. However, this technique can only monitor the cells for several
hours due to the short half-life of PET radioisotopes. For the long-term evaluation of
transplanted cell fate and for further investigation of the role of delivery matrices in cell
therapies, reporter gene-based cell labeling is being developed. To apply the reporter
gene-based PET imaging, the first step is to deliver the PET reporter gene to the target
cells. In this study, I transduced human CPCs with lentiviral vectors to express PET
reporter gene: the herpes simplex virus thymidine kinase (HSV1-tk) or its mutant HSV-

sr39tk.
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Abstract

Introduction

To develop in vivo positron emission tomography (PET) imaging for the investigation of
cell fate and function, PET reporter genes were delivered to human circulating progenitor

cells (CPCs) for monitoring transplanted cell homing and engraftment over the long-term.

Methods

Human CPCs were transduced with one of two lentiviral particles: LV-GFP-iresTK or
LV-Fluc-RFP-tTK. The transduction efficiency was determined by flow cytometry
analysis. Expression of herpes simplex virus type | thymidine kinase (HSV1-tk) was
assessed by Western blot. The transduced CPCs were isolated by fluorescence-activated
cell sorting, and the stability of reporter expression was evaluated. The effect of

transduction on CPC morphology, viability and function was also determined.

Results

The mean transduction efficiency was 15% (LV-GFP-iresTK, MOI of 10) and 13% (LV-
Fluc-RFP-tTK, MOI of 50). Western blot analysis confirmed HSV1-tk protein expression
in transduced CPCs. There was no significant difference in cell viability between the
transduced CPCs and the untreated controls at a MOI of 50 or below. However, a
reduction was observed in cell viability of CPCs transduced with LV-Fluc-RFP-tTK at an
MOI of 100. Both transduced and control CPCs exhibited similar rounded or spindle
shapes. Cell migration and angiogenesis potentials were not adversely affected by
lentiviral transduction. After 4 weeks, 80.3+8.4% of the sorted cells continued to express

the reporters.
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Conclusion

Quiescent human CPCs transduced with lentiviral vectors show stable expression of
reporter genes. The reporter gene approach may be developed for tracking transplanted
CPCs noninvasively by PET, while preserving the cell’s morphology, viability, migration

and angiogenesis capabilities.

Key words: circulating progenitor cells; reporter gene; gene delivery; lentiviral

transduction; positron emission tomography
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Introduction

Many studies demonstrate that circulating progenitor cells (CPCs) have considerable
potential for the treatment of tissue ischemia and myocardial infarction (Assmus et al.
2002). Because they can be isolated from the peripheral blood of adult patients, CPCs are
the one of most accessible cell types for autologous cell therapy. To better define whether
a CPC and its progeny can contribute to the repair of injured tissue, noninvasive
approaches for long-term follow-up studies are needed.

One recent major advance in the field of clinical molecular imaging has come into
play in the form of reporter gene techniques that enable the study of stem cell therapy
over a long time period. Positron emission tomography (PET) imaging appears to be a
choice to monitor the engrafted cells, due to its high sensitivity and suitable spatial
resolution. By appropriate reporter gene transfer into CPCs, it may be possible to assess
the fate of transplanted cells in vivo with PET imaging. Reporter gene-based PET
imaging was initially described by Tjuvajev et al in 1995 (Tjuvajev et al. 1995). An
approach was developed to visualize the expression of the viral enzyme, herpes simplex
virus type | thymidine kinase (HSV1-tk). Since then, HSV1-tk has been the most
commonly used reporter gene for PET applications. Recently, a “second generation”
mutant HSV1-tk reporter gene, HSV1-sr39tk (a deletion in the first 135bp that contains
the nuclear location signal) has been developed. It was reported that HSV1-sr39tk might
provide a further increase in imaging sensitivity compared to HSV1-tk (YYaghoubi et al.
2006).

To implement reporter gene-based PET imaging of cells, the reporter must be

introduced into the target cells. To this end, a variety of methods, including transfection
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of plasmid DNA, transduction with viral vectors, or incorporation into the DNA of
genetically engineered animals, has been developed (Sharma et al. 2002). As the most
commonly used method for gene delivery, viral vectors can generally provide sufficient
transfection efficiency for most types of cells (Kay et al. 2001). Different viruses, such as
retroviruses, lentiviruses, adenoviruses, and adeno-associated viruses, have been used as
transfer vectors. However, adenoviral vectors can not give the gene integration. For
retroviral mediated gene delivery, the cells need to be dividing, so that their nuclear
membranes are broken down, for the gene to enter and intergrate into the chromosomes
of target cells. Currently, due to these limitations, the use of PET reporter genes is not
well-documented in primary adult stem cells (such as human CPCs).

Compared to other vectors, lentiviruses offer unique versatility and robustness as
vehicles for gene delivery (Tiscornia et al. 2006). The reporter gene delivered by
lentiviruses can be stably integrated into the host cell genome, thus the reporter will not
be lost or diluted upon cell division, resulting in long-term expression of transgene both
in vitro and in vivo (Romano et al. 1999). Because their preintegration complex can get
through the intact membrane of the cell nucleus, lentiviral vectors can transduce a wide
range of cell types (dividing and non-dividing cells), thus might be a good candidate of
gene delivery vectors for the study of human CPCs.

In this study, to enable future investigatation of cell fate and function by PET
imaging, we delivered HSV1-tk and HSV1-sr39tk to human CPCs by using two lentiviral
vectors: LV-GFP-iresTK expressing genes that encode the enhanced green fluorescence

protein (GFP) and HSV1-tk, and LV-Fluc-RFP-tTK, which carries a triple-fusion reporter
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(TFR) construct consisting of firefly luciferase (Fluc), monomeric red fluorescence

protein (RFP), and HSV1-sr39tk (truncated HSV1-tk, tTK) genes.

Methods

Purification of Plasmids

The transfer vector plasmid, pPCMV-GFP-iresTK (Addgene, Cambridge, MA) or pUb-
Fluc-RFP-tTK (kindly provided by Dr. Joseph Wu at Stanford University) was purified
by QIAGEN purification kit (QIAGEN, Mississauga, ON, Canada). The structure of
pCMV-GFP-iresTK was confirmed by restriction enzyme analysis and polymerase chain
reaction. The expression of HSV1-sr39tk and RFP in pUb-Fluc-RFP-tTK was confirmed
by DNA sequencing using the following primers: 1) TK;: CAC GGG ATG GGG AAA
ACC; 2) TK;: ATC GCC TTC ATG CTG TGC TAC; 3) TK3: GTT CCA TGC ACG
TCT TTA TCC TG; 4) RFP1: CTC CGA GGA CGT CAT CAA GTT C; 5) RFP,: CCC

ACA ACG AGG ACT ACACCAT.

Production of Lentiviral Particles

The self-inactivating bicistronic lentiviral vector LV-GFP-iresTK was produced by
transient co-transfection into HEK-293T cells with pCMV-GFP-iresTK, psPAX2, and
pMD2.G plasmids (Addgene) by using the calcium-phosphate precipitation method
(Naldini et al. 1996). Sixteen hours after transfection, the medium (Dulbecco's modified
Eagle’s medium supplemented with 10% fetal bovine serum and 1% penicillin
[streptomycin solution) was changed. Lentiviral supernatant was collected from the first
(24 hours) and second (48 hours) harvests, and then filtered through a 0.45-pm filter. The

vector particles were concentrated by ultracentrifugation at 19,500 rpm in a Beckman
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SW32 Ti rotor for 2 hours. The supernatant was discarded and the pellet was resuspended
in 300 pL PBS. The concentrated vector was used directly or aliquoted, and stored at -80
°C.

Another lentiviral vector, LV-Fluc-RFP-tTK was produced by a 293FT cell
transient system (Invitrogen, Burlington, Canada) with pUb-Fluc-RFP-tTK, psPAX2, and
pMD2.G plasmids (Sun et al. 2009). Collected supernatant was centrifuged (15009, 15
minutes), and then the clear supernatant was mixed with 5xPEG-it Lentivirus
Concnetration Solution (System Biosciences, Mountain View, CA) overnight. After
centrifugation (1500g, 30 minutes), the pellet of viral particles was resuspended in 300

uL PBS.

Titer of the Generated Viral Particles

Concentrated virus was titered on 293T cells, as described previously (Tiscornia et al.
2006). Briefly, 293T cells (1.0x10%) were plated in a well of a 24-well plate and cultured
overnight. Cells were 60-70% confluent at the time of transduction. The number of cells
/well was counted before the transduction. A 10-fold serial dilution (from undiluted to a
dilution of 10°) of viral particles in medium was added to the cells. After a 24-hour
incubation, the medium was changed. After another 48 hours, the cells were observed
under a fluorescence microscope and then examined by flow cytometry analysis. The titer

of vector particles was calculated using the following formula:

Number of GFP" (or RFP™) cells
Dilution factor x\VVolume

Vector Titer (pfu/mL) =

137



Preparation of Human CPCs and Collagen-based Matrices

Human CPC procurement was approved by the Human Research Ethics Board of the
University of Ottawa Heart Institute. After acquiring informed consent from healthy
human donors, total peripheral blood mononuclear cells (PB-MNCs) were freshly
isolated from human peripheral blood by Histopaque 1077 (Sigma-Aldrich, Oakville,
Canada) density-gradient centrifugation. Subsequently, PB-MNCs were cultured on
fibronectin-coated plates in endothelial basal medium (EBM-2; Clonetics, Guelph,
Canada) supplemented with EGM-2-MV-SingleQuots. After 4 days, the adherent
population (CPCs) was collected as described previously (Ruel et al. 2005).

The collagen-based matrices (pH 7.5) were prepared on ice. Briefly, matrices
consisted of a mixture of 0.4% blended neutralized type I rat tail tendon collagen (Becton
Dickinson, Mississauga, Canada) and chondroitin 6-sulfate, cross-linked with 0.02%
glutaraldehyde, followed by glycine termination of unreacted aldehyde groups (Zhang et

al. 2008).

Human CPC Transduction

Human CPCs were transduced with LV-GFP-iresTK at increasing multiplicities of
infection (MOIs) in the presence of polybrene (8 ug/mL) (Liu et al. 2006). After 16 hours
of incubation, the medium was changed and cells were further cultured for 3 days.

The produced viral particle LV-Fluc-RFP-tTK was also used to transduce CPCs
in RetroNectin-coated plates. After 2 days, lentiviral transduction was repeated to
increase transduction efficiency (Yoon et al. 2010). Briefly, floating cells were harvested,

washed with PBS and then resuspended in fresh EBM medium. Fresh medium was also
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added to the adherent cells and recombined with the floating cells and new viral

supernatant for an additional 2 days.

Expression of Reporter Proteins in Transduced CPCs and Transduction Efficiency

The transduction efficiency was determined by flow cytometry analysis of GFP or RFP
expression. The expression of GFP or RFP was also examined under fluorescence
microscopy. The expression of HSV1-tk protein in the transduced CPCs was assessed by

Western blot.

Viability and Morphology of Transduced CPCs

Cell viability was assessed using the Vi-CELL analyzer (Beckman Coulter, Mississauga,
Canada) with a Trypan Blue Dye Exclusion Method. The morphology of transduced

CPCs was examined under bright-field microscopy. Untreated CPCs served as controls.

Cell Function of Transduced CPCs

In vitro assays were performed to assess cell migration and angiogenesis capacities, as
described previously (Zhang et al. 2010). For cell migration, briefly, the transduced CPCs
or untreated controls were incubated with 4'6-diamidino-2'-phenylindole (DAPI,
Molecular Probes, Eugene, OR), and then 2x10* cells were placed separately in the upper
chamber of a modified Boyden chamber with VEGF-free media. The lower chamber
contained serum-free media with 50ng/mL VEGF (Sigma-Aldrich). After 24 hours of
incubation, cells that migrated into the lower chamber were counted in six random high
powered fields (HPFs).

For cell angiogenesis, transduced cells or untreated cells (1 x 10%) were seeded

onto solidified ECMatrix (Chemicon, Temecula, CA) with 1 x 10* human umbilical vein
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endothelial cells (HUVECSs, supporting cells). After 24 hours of incubation, images of six

random HPFs were taken and the total tube length of capillaries was measured.

Stability of Reporter Gene Expression in Transduced CPCs

The transduced CPCs were isolated by Fluorescence Activated Cell Sorting (FACS,
Becton Dickinson), and the sorted GFP™ cells were then cultured for 3 days, 1 week, 2
weeks, 3 weeks, or 4 weeks. The maintenance of GFP expression in transduced cells was
assessed by flow cytometry analysis. Also, sorted GFP* cells (1x10°) were mixed with
the collagen-based matrix, plated in a 24-well plate, and incubated at 37°C. The
expression of GFP in CPCs was examined under fluorescence microscopy every week up

to 4 weeks.

Statistical Analysis

Data are expressed as mean * standard deviation. Statistical analyses between groups
were performed with a one-way analysis of variance, with Bonferroni corrections as
appropriate. Correlation analyses were performed by linear regression. Differences with

p<0.05 were considered statistically significant.

Results

Expression of Reporter Proteins in Transduced CPCs and Transduction Efficiency

The expression of reporter proteins in CPCs is shown in Figure 5-1. Flow cytometry
analysis of GFP indicated a transduction efficiency of LV-GFP-iresTK at the three

different MOIls (0.1, 1, and 10), with the greatest efficiency (15.1+5.6%) obtained at a
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MOI of 10 (Figure 5-1 A). Western blot analysis confirmed HSV1-tk protein expression
in transduced CPCs (Figure 5-1 B).

The mean transduction efficiency of LV-Fluc-RFP-tTK in CPCs was 2.2%, 2.6%,
3.8%, 6.9%, 9.9%, 13.3% and 15.9% at MOIs of 0.1, 0.5, 2.5, 12.5, 25, 50 and 100,
respectively (Figure 5-1 C). A dose-response effect was achieved by transducing cells at
increasing MOls. Western blot analysis of HSV1-tk protein showed results similar to
RFP flow cytometry results (Figure 5-1 D). The expression of RFP in CPCs could be

visualized under fluorescence microscopy when MOI was 25 or above (Figure 5-1 E).
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Figure 5-1: Expression of reporter proteins in transduced human circulating
progenitor cells.

A-B) Cells transduced with LV-GFP-iresTK at different MOIs (0.1, 1 and 10): A) Flow
cytometry analysis of GFP; B) Western blot of HSV1-tk. C-D) Cells transduced with LV-
Fluc-RFP-tTK at increasing MOIs (0.1, 0.5, 2.5, 12.5, 25, 50, and 100): C) Flow
cytometry analysis of GFP; D) Western blot of HSV1-tk and GAPDH; E) Visualization
of RFP expression in transduced CPCs at a MOI of 50. Scale bar = 100um.
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Viability of Transduced CPCs

With LV-GFP-iresTK transduction (Figure 5-2 B), there was no significant difference in
cell viability between the transduced CPCs (87.9+9.2%, at a MOI of 10) and the
untreated controls (91.8+7.0%, p=0.62).

In the cell viability study of LV-Fluc-RFP-tTK transduction (Figure 5-2 C), no
significant difference was observed at a MOI of 50 or below; however, there was a
reduction in transduced CPC viability at a MOI of 100, compared to the untreated CPCs
(66.2+9.5% versus 82.8+10.3%, p<0.05). Due to this reduction by LV-Fluc-RFP-tTK,

LV-GFP-iresTK was used for the following studies.

Morphology of Transduced CPCs

Under the microscope, both transduced and control CPCs exhibited similar rounded or

spindle shape morphology (Figure 5-2 A).

Function of Transduced CPCs

To further investigate possible cytotoxicity induced by lentiviral transduction, the
migratory potential and angiogenic capacity of transduced cells were evaluated by using
in vitro assays. The number of transduced CPCs that migrated (66.2+21.3 cells/field of
view (FOV)) was not different from control cells (61.1+£19.6 cells/FOV, p=0.7; Figure 5-
3 A). In the angiogenesis assay, the total capillary tube length in cultures with transduced
CPCs (5.6£0.6mm) was not different from cultures with control CPCs (5.7£0.5mm,

p=0.8; Figure 5-3 B).
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Figure 5-2: Morphology and viability of transduced circulating progenitor cells.

A) Transduced and control cells exhibited similar rounded or spindle shapes. Scale bar =

100um. B) There was no significant in cell viability between the transduced CPCs with
LV-GFP-iresTK at a MOI of 10 and the untreated controls (p=0.6). C) A reduction was
observed in the cell viability of CPCs transduced with LV-Fluc-RFP-tTK at a MOI of

100 (*p<0.05, versus the control cells).

144



Control CPCs Transduced CPCs Control CPCs Transduced CPCs

-t
o
o

% 7
g £
o 80 E s I [
2 £ .
B [&)]
= fe
g 60 8 4
e [0}
£ % s 3
2
E 2 § 2
°. a1
[e]
< 0 ©
Control CPCs Transduced CPCs Control CPCs Transduced CPCs

Figure 5-3: Cell function of transduced circulating progenitor cells.
A) Migration potential. B) Angiogenic capacity. Scale bar = 100pm. There was no
significant difference in the number of migrating cells and the length of capillary tubes

between transduced CPCs and the untreated controls (p=0.7 and p=0.8, respectively).
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Stability of Reporter Gene Expression in Transduced CPCs

To test the stability of reporter gene expression in transduced cells, the maintenance of
GFP expression in the sorted cells was examined by flow cytometry analysis at 3 days, 1
week, 2 weeks, 3 weeks, or 4 weeks after transduction. The result showed no significant
difference up to 4 weeks after transduction (all p>0.05; Figure 5-4). After 4 weeks,
80.3£8.4 % of the transduced cells continued to express GFP, indicating stable

transduction over this time period.

Potential of Tracking Transduced CPCs in Collagen Matrices

To evaluate the effect of matrices on transduced cells, transduced CPCs seeded in
collagen matrices were examined by fluorescence microscopy every week for 4 weeks.
As shown in Figure 5-5, the transduced cells could be visualized both within and without

the matrix for up to 4 weeks.
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Figure 5-4: The maintenance of GFP expression in transduced circulating

progenitor cells.
No significant difference was observed in the percentage of GFP* cells up to 4 weeks

after transduction (all p>0.05).
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Figure 5-5: Representative images of GFP expression in the transduced CPCs.
The transduced cells could be visualized by fluorescence microscopy both within and
without the collagen-based matrix at day 0, and at 1, 2, 3, and 4 weeks after transduction.

Scale bar = 20 um.
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Discussion

Growing evidence from animal studies and clinical trials suggest that cell therapy can
restore perfusion in ischemic tissues (Janssens et al. 2006) and bioengineered matrices
can enhance functional results of cell therapy (Suuronen et al. 2006). In vivo cell tracking
methods can help improve our understanding of the basic mechanisms of cell-based
regenerative therapies and the effects of bioengineered matrices on transplanted cells. To
this end, in this study, we successfully delivered two PET reporter genes (HSV1-tk and
HSV1-sr39tk) by lentiviral transduction into human CPCs, Our results indicated that
either LV-GFP-iresTK or LV-Fluc-RFP-tTK could be used to transduce human CPCs,
without significantly altering cell morphology, viability, and function. The transduced
CPCs showed stable expression of the introduced reporter genes for up to four weeks,
thus providing the potential for noninvasive monitoring the transplanted cell fate during
this time period.

Primary cells can be more difficult to transfect/transduce than similar
immortalized cell lines (Hamm et al. 2002); therefore, obtaining efficient gene transfer in
primary human CPCs could be challenging. In this study, we reported that the mean
transduction efficiency of LV-GFP-iresTK in CPCs was about 15% at a MOI of 10,
which is similar to a previous report that used Lenti-CMV-GFP to transduce HUVECs
(Liu et al. 2006). Meanwhile, in LV-Fluc-RFP-tTK transduction, a dose-response effect
was achieved by transducing cells with increasing MOIs; with a mean transduction
efficiency of 13% and 16% at MOIs of 50 and 100, respectively. It has been previously
demonstrated that LV-Fluc-RFP-tTK was capable of stably transducing human and

mouse embryonic stem cells (Cao et al. 2006). In this study, to successfully transduce

149



human CPCs using the same vector, lentiviral transduction was repeated and a relatively
high MOI was used.

PET reporter gene technology requires genetic modification, and it is unclear
whether this may alter CPC viability and function. Because the HSV1-tk enzyme
accumulates more in the cytoplasm rather than the nucleus, either LV-GFP-iresTK or
LV-Fluc-RFP-tTK should induce less cellular toxicity (Ray et al. 2004). Our finding
demonstrated no significant alteration in cell morphology, or migration and angiogenesis
potential of transduced human CPCs with LV-GFP-iresTK. However, we reported a
reduction in the viability of CPCs when transduced with the LV-Fluc-RFP-tTK at a high
MOI of 100. In accordance with previous studies (McGinley et al. 2011), this observed
cell death at the highest MOI may be, in part, due to a toxic effect of the transgene, or
toxicity of the vector, which constitutes an area for future investigation. We suggest that
the optimal MOI for different vectors and different cell types should be experimentally
determined in the future studies. Although not evaluated in this study, genomic and
proteomic studies from other groups have shown that reporter genes did not significantly
affect differentiation or proliferation function of transducted cells (Wu et al. 2006; Wu et
al. 2006).

The insertion of GFP or RFP reporter genes has gained popularity due to
additional attractive features. It allows detection of the naturally fluorescent cytoplasmic
protein by fluorescence microscopy or FACS in live cells. We used this technique to
measure the transduction efficiency and purify the transduced CPCs. Specifically,
successful transduction was verified by observing the GFP/RFP positive cells under a

fluorescence microscope and the approximate transduction efficiency was calculated by
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counting GFP/RFP positive and negative cells using flow cytometry. Generally, a
transduction efficiency of 30-40% is sufficient for FACS, subsequent subculture and in
vivo transplantation (Sun et al. 2009). However, our results indicated that slightly lower
transduction efficiency (10-15%) was acceptable, but a higher number of starting cells for
sorting is needed to be effective. Although transduced cells expressing the fluorescence
gene are easily detectable or selected on a single cell level, concerns about
immunogeneity and possible toxicity to living cells have been reported (Stripecke et al.
1999).

This study also evaluated the stability of lentiviral transduction in human CPCs
and demonstrated that 80% of the successfully transduced CPCs continued to express the
reporter protein after 4 weeks. During this time, CPCs may differentiate into endothelial
cells or other mature cells. However, the reporter genes integrated stably into CPCs, and
were not lost or diluted during cell division or differentiation that may have occurred in
vitro culture or in vivo transplantation.

PET imaging may not only help provide novel insights into cell engraftment,
proliferation, and survival, but may also serve to evaluate the effects that bioengineered
materials have on transplanted cells. In this study, we investigated the effect of matrices
on the expression of GFP in transduced CPCs. The results indicated that transduced CPCs
in the matrices could be visualized up to 4 weeks, suggesting that the developed reporter
gene techniques might provide the potential of tracking transduced CPCs delivered in a
collagen-based matrix by using PET.

HSV1-tk and its mutant HSV1-sr39tk are the most commonly used reporter genes

for PET applications, and several radiolabeled acyclo-guanosine and pyrimidine
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nucleoside analogues have been investigated as reporter probes for imaging of HSV1-tk
or HSV1-sr39tk (de Vries et al. 2002). Of the PET reporter probes evaluated,
radioactivated (***I- or '®F-) 2’ fluoro-p-D-arabinofuranosyluracil (FIAU) and 9-(4-
[**F]fluoro-3-hydroxymethylbutyl) guanine (**F-FHBG) are the most extensively studied
(Tjuvajev et al. 2002) and have already been studied in humans (Jacobs et al. 2001;
Yaghoubi et al. 2001). In vitro and in vivo studies have indicated that HSV1-sr39tk is
better able to utilize acycloguanosine substrates (such as FHBG) (YYaghoubi et al. 2006);
while ®F-FHBG is more sensitive for HSV1-sr39tk, and FIAU is more sensitive for
HSV1-tk (Min et al. 2003; Buursma et al. 2006). Compared to the complicated
procedures of FIAU synthesis, *F-FHBG can be synthesized within a reasonable time
(95-100 min), at a high specific activity (>320mCi/umol), and with high radiochemical
purity (99%) (Alauddin et al. 1998). Therefore, HSV1-sr39tk and '°F-FHBG have
become a more popular PET reporter system in recent years. Use of a fluorescent protein
(GFP or RFP) as the second reporter gene can help measure gene expression, select
transgenic cells, study fusion genes or proteins, and investigate cell distribution by
histological examination. GFP is the most popular reporter gene, and cell sorting for GFP
is available in most institutions. Therefore, in this study, we evaluated two lentiviruses,
LV-GFP-iresTK and LV-Fluc-RFP-tTK, to meet the needs of different sites.

The advantage of reporter gene PET imaging over radiotracer direct labeling PET
imaging is that constitutive expression of the reporter protein allows for longitudinal
tracking of cell survival and localization without the constraint of label decay. It is
important to note that, because active transcription of the reporter gene is a prerequisite

for synthesis of the reporter protein, only cells that are alive yield positive imaging
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signals which indicate the cell survival. Furthermore, because the reporter gene integrates
into the host cell's chromosome after stable transduction, the reporter gene is passed on
from the mother cell to daughter cell. Genetic inheritance of the reporter gene thus
permits monitoring of donor cell proliferation. In addition, HSV1-tk expression can also
be used as a reporter for markers of gene therapy or cell-gene therapy. Using this reporter
technique, therapeutic genes and gene-engineered cells will be quantifiable noninvasively
within the host. Because the radiolabeled probe is administered before each imaging
session, the lifetime does not become problematic for long-term studies. However, the
attempt to use lentiviral-mediated reporter gene techniques in clinical trials has raised
concerns about their safety including the risk of genetic recombination, and the
generation of replication-competent virus in humans (Leyva et al. 2011). More recently,
further modifications in the packaging and genetic components of viral genes have been
reported in order to develop safer lentiviral vector systems (Levine et al. 2006).

Given the projected rapid growth of cellular therapy and bioengineering
technology, it is expected that reporter gene imaging will play an increasingly important
role in evaluating such therapies (Sheikh et al. 2006). Compared with other molecular
imaging modalities, PET imaging with reporter gene-based cell labeling may provide
more specific information on the number of surviving cells. Although the clinical
potential of molecular imaging has yet to be realized, several new PET reporter gene
systems are under development in an attempt to advance clinical applications. Recently, it
was reported that human mitochondrial thymidine kinase type 2 (hTK2) reporter gene
alone or fused with GFP, was used for preclinical evaluation in a mouse model

(Ponomarev et al. 2007). Another study used the estrogen receptor ligand binding domain
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(ER-LBD) as a reporter gene to monitor a transduced ES cell line in mice (Takamatsu et
al. 2005; Furukawa et al. 2006). However, further work remains to be done in the
development of safe, practical, highly sensitive, and specific quantitative PET imaging of

reporter gene systems for meaningful clinical applicability.

Conclusion

In summary, quiescent human CPCs transduced with lentiviral vectors show stable
expression of reporter genes. The reporter gene approach can be developed for tracking
transplanted CPCs, while preserving the cells’ morphology, viability, migration and
angiogenesis capabilities. This technique may be used for the development of reporter
gene PET imaging, to monitor the fate of transplanted cells noninvasively, longitudinally,
and quantitatively, and thereby help elucidate the mechanisms and effectiveness of cell-
based therapies and evaluate the long-term effect of bioengineered materials on delivered

cells.
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CHAPTER 6: GENERAL DISCUSSION
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The main objective of cardiac cell therapy is to repair and/or replace parts of the damaged
heart (Lovell et al. 2010). Adult stem cell transplantation appears to be a realistic and
promising therapy for cardiac regeneration in ischemic or infarcted myocardium.
However, recent results from many clinical trials have demonstrated only minimal
favorable effects in patients (Welt et al. 2006). Therefore, to improve the applicability of
cell therapy clinically, it is important to understand the behavior of transplanted cells, in
order to overcome the hurdles of cardiac cell therapy. To this end, the present research
addresses four significant needs in cardiac cell therapies: 1) increasing the number of
available autologous adult stem cells; 2) investigating the optimal cell types for cardiac
regeneration; 3) increasing the homing and engraftment of transplanted cells at sites of
interest; 4) developing cell labeling methods to monitor transplanted cells in vivo in

different target subjects and at different stages of cell delivery.

6.1 Successful Expansion and Characterization of Human CD133" cells

Currently, autologous stem or progenitor cells have been regarded as a leading candidate
cell source for regenerative medicine. Since the identification of the CD133 antigen as a
suitable stem cell marker, the possible use of CD133" cells in therapeutic applications
opened a new promising field in the treatment of CAD. Early clinical studies
demonstrated that transplanted bone marrow-derived CD133" cells improved cardiac
function in MI patients probably as a result of neovascularization (Stamm et al. 2003;
Stamm et al. 2007). General isolation protocols may be impractical from a clinical
perspective due to the low frequency of CD133" cells from available sources for
transplantation. Currently, CD133" cells for clinical use are isolated from bone marrow or

peripheral blood of patients after the introduction of granulocyte colony-stimulating
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factor (G-CSF). Although G-CSF treatment can effectively mobilize HSCs and EPCs to
obtain increased cell numbers, many studies indicate that the response to SDF-1 and in
vivo migratory capacity of G-CSF-mobilized cells was significantly reduced (Honold et
al. 2006). It was also reported that G-CSF administration depressed the angiogenic
potential of cells, and the benefit observed following implantation of cells mobilized by
G-CSF might come only from a paracrine effect (Tura et al. 2010). This may partly
explain why the therapeutic efficacy of CD133" cells (G-CSF-mobilized) in patients was
much less than in animals (where fresh non-G-CSF-mobilized cells are generally used).
These results beckon for more efficient methods of CD133" cell isolation and expansion.
Therefore, the first specific aim focused on developing techniques that may help increase
the cell number of human CD133" PB cells.

As reported in manuscript #1, a novel source of expandable CD133" cells can be
generated from the CD133" fraction of human peripheral blood. Based on our in vitro
comparison studies of cell function, the derived CD133" progenitors appear to have
similar cell migration potential to the fresh CD133" cells, and a superior vasculogenesis
capacity compared to fresh CD133" cells and other progenitors.

In this chapter, greater migration potential of the heterogeneous CPC population
was described, and cytokine mechanisms appear to be involved. This suggests that cell
interactions may be important in regulating functional characteristics of therapeutic cells,
and that co-administration of different cell types may be superior to transplantation of a
single cell population. Some studies demonstrated that combined transplantation of two
cell populations or cells with growth factors results in the better function improvement,

reduction of scar size and myocardial apoptosis in chronic ischemia (Bonaros et al. 2006;
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Hahn et al. 2008). The unselected cell population or mixed population (such as CPCs)
also shows the cell interaction, thus might be another optional cell type for cardiac

therapy and worth further investigation.

6.2 Homing and Engraftment of CPCs within or without Collagen
Matrices

Due to their ease of acquisition and their demonstrated therapeutic potential, CPCs have
been regarded as a favorable cell type for therapy. But, before CPCs become more
applied clinically, it is important to further understand the in vivo local effects and
behavior of CPCs and their derivatives. To date, however, most of current in vivo studies
about cell therapy are elucidated through post-mortem histological examination, which is
a single time point analysis and does not allow for longitudinal observation, and which is
impractical with human subjects. Recent advances in the field of molecular imaging have
made it possible to noninvasively track transplanted cells over time. Most modalities
require efficient cell labeling, and include direct cell labeling, or reporter gene
approaches. Chapters 3, 4 & 5 focused on the utilization of PET imaging for in vivo
assessment of cardiac cell therapy.

Another challenge in cardiac cell therapy is that transplanted cells have little
success in homing and engrafting to areas of injury. With the advance of tissue
engineering technology, delivery biomaterials are evolving to address this issue
(Suuronen et al. 2006). Two common biomaterial approaches used to repair the injured
heart are injectable hydrogels and surgically implanted tissue engineered grafts. The
injectable collagen-based material used in this study is thermo-sensitive, and formed a gel

at body temperature. Highly porous collagen lattice sponges can support the growth of
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many types of tissues, and thus provide the potential for reducing physical infarct
expansion, improving cell retention and survival, and inducing neovessel formation in the
damaged myocardium (Glowacki et al. 2008). However, the biological mechanisms and
local effects of collagen matrices after implantation remain to be fully elucidated. In
chapter 3, we reported that PET imaging with *F-FDG direct cell labeling is a suitable
tool to track transplanted human CPCs, and evaluate the effect of their delivery within
collagen I-based matrices.

The distribution of human CPCs delivered with collagen matrices was assessed by
whole body PET imaging in a rat ischemic hindlimb model. Only 11% of the locally
transplanted CPCs were retained in the target site after intramuscular injection without
the matrix. With use of the matrix, retention was enhanced by 70% in the ischemic tissue.
This mechanism conferred by the matrix may have implications on the effects of cell
therapy at the early stages after transplantation. Based on these results, PET imaging with
F_FDG cell labeling is a promising approach to monitor cell fate in vivo and better
understand the role of delivery matrices in cell regenerative therapies.

The results indicated that *F-FDG is a sensitive and quantifiable marker of
transplanted CPCs. However, we also reported a significant leakage (58%) of *F-FDG
from labeled cells. Since the myocardium shows a high uptake of *F-FDG, a concern
emerged that '®F-FDG leakage might affect the positive identification of labeled CPCs in
the heart. Therefore, we developed a more stable stem cell labeling method. In chapter 4,
we evaluated the feasibility of **F-HFB to label human CPCs for cell tracking in a rat Ml
model and compared the properties of **F-HFB and *®F-FDG labeling in vitro and in vivo.

BF_HFB is efficiently retained in CPCs over 4 hours (77-95%). Consistent with the better
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labeling efficiency and stability in vitro, PET imaging demonstrated a greater signal of
F_HFB-CPCs in the injection site compared with ®F-FDG-CPCs a few hours after cell
transplantation. A high portion of radioactivity was observed in the normal myocardium
of ®F-FDG-CPC rats was *°F-FDG leaked from CPCs, rather than the CPCs themselves.
The correlation between the PET image and histological examination indicated that °F-
HFB cell labeling may be a more reliable method for assessing the distribution of
transplanted human CPCs, especially in the myocardium. Although effects on cell
viability and function studies were examined, there are still outstanding questions
regarding long term radiation effects on the labeled cells.

Although such direct cell labeling allows high sensitivity PET imaging, its use is
limited to tracking cells in the first hours to days after delivery, due to the short half-life
of the radioisotopes. Therefore, longer-term studies will require other labeling approaches
that are not affected by decay, and which are not diluted in cells undergoing division.
Recently, the use of superparamagnetic iron oxide (SP10) labeling with MRI imaging
became one of the commonly approaches for long-term cell tracking. However, SP1O
agents can be engulfed by macrophages after transplanted cell death (which may continue
to produce signal even after cell death), and hence cannot be used to accurately monitor
long-term cell survival and behavior (Bulte et al. 2004).

Unlike direct cell labeling, reporter genes are inherited genetically and can be
used to monitor the survival and function of transplanted cells and their progeny for
lifetime (Sun et al. 2009). The advantage of reporter gene PET imaging over radiotracer
labeled PET imaging is that constitutive expression of the reporter protein allows for

longitudinal tracking of cell survival and localization without the constraint of label
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decay. To implement reporter-gene based cell labeling, it is first important to deliver the
reporter gene of interest into the target cells. Because the use of PET reporter genes is not
well-documented in primary human adult stem cells, proper in vitro experiments are
needed prior to in vivo studies, to determine both efficiency and functionality of the
inserted gene.

Although less time consuming, non-viral gene transfer methods and other viral
gene delivery systems are inefficient at transfecting primary cells, such as the adult stem
and progenitor cells typically used in cell therapy testing (Hamm et al. 2002). Lentiviral
vectors, based on the disabled HIV genome, are attractive for the transduction of non-
dividing or infrequently dividing cells, such as adult HSCs or CPCs (Naldini et al. 1996).
In chapter 5, two lentiviral vectors, LV-GFP-iresTK and LV-Fluc-RFP-tTk, were used
for delivery of the PET reporter gene to human CPCs. Although the efficiency of
lentiviral transduction was limited to 15%, this approach still provides the potential to
monitor the transplanted cells in vivo due to the sensitivity of PET, and the stability of
reporter expression. Flow cytometry analysis indicated that 80% of CPCs still expressed
the reporters after 4 weeks. In addition, the reporter technique used did not adversely
affect cell migration and angiogenesis capabilities, important functions for
angiogenic/cardiac cell therapy. Therefore, this technique should prove useful for the
long-term assessment and optimization (e.g. cell type, biomaterial, and timing) of
experimental cell therapies.

Despite the advantages discussed for reporter gene imaging, it does suffer from
several drawbacks. First, the derivation of cells with stable reporter gene expression

typically requires a lengthy incubation period (around 1 week), whereas preparation for
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radionuclide direct cell labeling can be completed within 1 hour. Furthermore, the
introduction of reporter genes has been documented to possess the potential to alter
cellular genome and phenotype (Grabski et al.).

We hope reporter gene-based labeling may be used in conjunction with
radiotracer direct cell labeling to answer a wide range of biological questions. The choice
of whether to use physical cell labeling or reporter gene modalities for in vivo imaging of
transplanted cells depends on the subject of investigation, the timeline of study, and the

availability of equipment at a given institution (Sun et al. 2009).

6.3 Clinical Perspective and Future Directions

Cell therapy is rapidly advancing as a potential treatment for clinical use, in the midst of
some concern within the scientific community that this may be occurring too quickly and
too uncritically (Smith et al. 2008). It is important to realize that the field of cell therapy
is at an early stage. Although some clinical trials are underway, a number of fundamental
questions need to be addressed and resolved experimentally in the near future.

First, for clinical use, human cells and often autologous cells will still be the main
applied cell source. Age and disease might affect the number and function of stem or
progenitor cells (Dimmeler et al. 2008). For example, some studies have shown that CHF
attenuated the cell number and increased the senescence of CPCs (Hill et al. 2003;
Maltais et al. 2011). However, in Manuscript #1, we did not observe a significant
functional impairment in the progenitors obtained from the 2 patients with heart failure
(NYHA Class 1), compared to the other donors (10 patients) although the number of

samples were small. Therefore, we conclude that further preclinical studies on the
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function of cells from patients are necessary. Some pretreatments or preconditions might
be applied to improve the functional activity of patients’ cells (Sasaki et al. 2006).
Second, homing and engraftment not only are regulated by multiple biological
signaling cascades, but also may be critically affected by the delivery vehicles and the
disease of patients (Chavakis et al. 2010). It might well be that different cell types and
cell delivery methods are used for specific disease states depending on different cardiac
pathologies. For example, the treatment that promotes cell survival or angiogenesis might
be a good stage for AMI; while contractile cells or cells that can differentiate into
contractile cells might be the best choice in CHF situation (Segers et al. 2008). Achieving
the longer-term goal of true cardiac regeneration will probably require more than simply
injecting the right type of cells in the right place at the right time. The development of
tissue engineering for the delivery and support of transplanted cells has recently attracted
interest in the cardiac field. The collagen-based injectable matrices used in this study
might facilitate targeted, less invasive tissue restoration after myocardial injury including
increased cell transplant survival, increased blood flow and improved cardiac function.
Progress has also been made in improving cell homing and engraftment, using
approaches including heat shock treatment (Zhang et al. 2001), overexpression of
antiapoptotic proteins (Zhang et al. 2001; Mangi et al. 2003), or the addition of bioactive
moieties to matrices (Suuronen et al. 2009), but there is still room for improvement.
There is clearly a long and arduous path ahead that is not helped by the lack of
tools that we have for answering these questions in cell therapy. PET imaging with cell
labeling developed in this thesis can help evaluate different treatment protocols of cardiac

regeneration. Future research needs to focus on improving sensitivity while minimizing
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radioactivity exclusion. With the increasing popularity and availability of PET
instrumentation in medical practice, commercial radiopharmacy production and
distribution are expected to be enhanced for both basic research and clinical studies. In
addition, the use of PET imaging does not always need to be mutually exclusive.
Multimodality imaging approaches (such as PET/CT or PET/MRI) may minimize the
potential drawbacks inherent within a single modality, by using a tailored combination of

two or more techniques to achieve the best approach for a given experiment.

6.4 Conclusions

In summary, cell number, fate and biodistribution are a key challenge in cell therapy
applications. The ability to expand and track transplanted cells is necessary for clear
understanding of cell therapy. Significant findings from this thesis and previous work
(Suuronen et al. 2006; Suuronen et al. 2006) demonstrated that autologous adult stem cell
can be expanded ex vivo and the derived CD133" might be a superior cell source for
vascular regeneration. Furthermore, the ability to quantify cells using PET imaging with
cell labeling techniques (Manuscript #2, 3 & 4) makes this approach ideal for in vivo
tracking of transplanted human CPCs. In addition, successful cell delivery (retention and
engraftment) for treatment of heart disease, as well as other disease states, is required in
this field. Another finding from this thesis (Manuscript #2) demonstrated the capability of
bioengineered matrices to enhance cell retention in the early stage of cell delivery. These
findings open up additional questions as to where the cells reside and what mechanisms
are involved thereafter. As our research continueds, by utilizing reporter gene technique
(Manuscript #4), long-term studies of transplanted cells with PET imaging will become

available in the near future at our institution. The ability to monitor the location, viability,
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differentiation and proliferation of transplanted cell populations by PET imaging should
similarly aid in the application of cell therapy protocols (Herschman 2004). The advent of
PET imaging has brought about fundamental paradigm shifts in our approach to basic
research and clinical use (Wang et al. 2009). In the laboratory setting, PET imaging
provides innovative tools allowing dissection of the cellular and molecular features of
various biologic processes in a living organism. In clinical practice, PET imaging holds
the promise of becoming a key for disease diagnosis, disease characterization, and
assessment of therapeutic response in cardiovascular medicine. It can be anticipated that
cell preparation and delivery vehicles will undergo considerable development once the

clinical benefit of cardiac cell therapy is clearly established.
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Figure 8-1: Structures of PET radiotracers for direct cell labeling.
A. ®F-FDG; B. '*F-HFB.
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