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Abstract
Over the past 2 decades, stem cells have created enthusiasm as a regenerative therapy for ischemic
heart disease (IHD). Transplantation of bone marrow stem cells, skeletal myoblasts, and
endothelial progenitor cells has shown to improve myocardial function after infarction. More
recently, attention has focused on the potential use of embryonic stem cells (ESC) and induced
pluripotent stem cells (iPS), as they possess the capacity to differentiate into various cell types,
including cardiac and endothelial cells. Clinical trials have shown positive effects on the
functional recovery of heart after myocardial infarction (MI) and have answered questions on
timing, dosage, and cell delivery route of stem cells such as those derived from bone marrow.
Despite the current advances in stem cell research, one main hurdle remains the lack of reliable
information about the fate of cell engraftment, survival, and proliferation after transplantation.
This review will discuss the different cell types used in cardiac cell therapy as well as molecular
imaging modalities relevant to survival issues.

Introduction
Despite the significant progress in the field of cardiovascular therapy and prevention,
ischemic heart disease (IHD) remains the number one cause of morbidity and mortality in
the Western world, with a coronary event related death occurring about every minute in the
United States alone (Lloyd-Jones et al. 2009). A wide variety of treatments is available with
ever evolving cardiac interventional therapy, medical therapy, and prevention therapy, but
many patients still develop refractory symptoms, eventually requiring more aggressive
approaches such as left ventricular assist devices or orthotopic heart transplantation (Rose et
al. 2001). Although cardiac transplantation is an established treatment for end-stage heart
failure, it is limited to approximately 2000 patients per year in the United States due to a
chronic shortage of suitable donor hearts. Clearly, alternative approaches to restoring heart
function are sought.

Over the past 2 decades, stem cells have created enthusiasm as a regenerative therapy for
IHD. Transplantation of bone marrow stem cells (Orlic et al. 2001), skeletal myoblasts
(Murry et al. 1996), and endothelial progenitor cells (Assmus et al. 2002) has shown to
improve myocardial function after infarction. More recently, attention has focused on the
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potential use of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSC)
(Takahashi and Yamanaka 2006), as they possess the capacity to differentiate into various
cell types, including cardiac and endothelial cells (Yamashita 2010)

Several clinical trials have shown benefits of cell transplantation. The BOOST trial studied
the use of bone marrow stem cell transplantation to enhance ST-elevation infarct
regeneration (Wollert et al. 2004). The REPAIR-AMI trial evaluated the use of bone
marrow–derived mononuclear cells in a placebo controlled randomized double blinded study
(Schachinger et al. 2006). Skeletal myoblast transplantation has been studied in the MAGIC
trial (Menasche et al. 2008). These trials represent only a fraction of the representative
human clinical trials of cell-based therapy for myocardial ischemia contributed by research
groups worldwide. Using direct injection of stem cells, indirect mobilization of stem cells by
granulocyte-colony stimulating factor (G-CSF) or a combination of both, currently over 20
randomized cell therapy clinical trials for either acute or chronic myocardial ischemia are
under way. These trials, mostly using bone marrow derived stem cells, aim to answer
questions related to their timing, dosage, and cell delivery route. The details of these trials
have been summarized in excellent recent reviews (George 2010; Herrmann et al. 2009;
Janssens 2010).

Despite these ongoing clinical advances in stem cell research, one of the main hurdles
remains cell engraftment, survival, and proliferation after transplantation (Haider and Ashraf
2008). This review will focus on the molecular imaging modalities that are used to address
survival issues after stem cell transplantation.

Different stem cells used for cardiac cell therapy
Different stem cells or stem cell derived cells are currently being used in both preclinical
research as well as in human clinical trials. Despite the many reports of positive effects of
different types of stem cells on functional outcome after cardiac ischemia, only a handful of
cell types were utilized for human clinical trials. Most of these clinical trials involved the
use of autologous adult stem cell populations mainly due to immunogenicity issues.

The different stem cell populations used for cardiac repair can be divided into 3 groups: (1)
adult stem/progenitor cell populations (including tissue resident stem cells), (2) ESC
population, and (3) iPSC population. The developmental potential differs among different
cell types. The totipotent stem cell, the most primitive embryonic stem cell, has the potential
to develop into a complete embryo. With subsequent divisions, the cells lose their
totipotency and become pluripotent embryonic stem cells, capable of differentiating into the
3 embryonic germ layers (ectoderm, mesoderm and endoderm) (Brignier and Gewirtz 2010).
Further divisions result in a more restricted developmental potential, called multipotency,
with the cells being capable of differentiating only into a limited number of cell types. Adult
stem cells are multipotent. Progenitor cells have the least developmental potential since
these cells are thought to be mostly unipotent (Seaberg and van der Kooy 2003). Although
ESC are considered to be the most promising for myocardial tissue regeneration, to date
however, no clinical trial has examined the use of ESC transplantation as a therapeutic
option for cardiac damage due to the many remaining hurdles. Recently, the US Food and
Drug Administration (FDA) has approved a phase 1 multi-center trial to assess the safety
and tolerability of transplantation of hESC-derived oligodendrocyte progenitor cells, called
GRNOPC1, in patients with spinal cord injury (www.geron.com 2010). Three main issues
continue to hamper clinical translation: 1) teratoma formation (Cao et al. 2007b; Lee et al.
2009), 2) immunogenical rejection (Swijnenburg et al. 2008a; Swijnenburg et al. 2008b),
and 3) ethical and political issues in the United States and elsewhere. In vitro differentiation
of ESCs into cardiomyocytes or endothelial cells before transplantation could theoretically
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resolve the teratoma-related issues, but without an existing method of isolation that results in
a 100% pure differentiated ES-derived cell population, this still remains a concern (Lee et al.
2009).

Direct reprogramming of adult somatic cells such as fibroblasts to become iPSCs as reported
independently by Yamanaka (Takahashi and Yamanaka 2006) and Thomson (Yu et al.
2007), may be able to circumvent the issues of immunogenicity and ethical or political
dilemma. Similar to ESCs, cardiomyocytes can be derived from iPSCs and transplantation
of iPSC-derived cardiomyocytes has been shown to improve cardiac function after
myocardial infarction in rodents (Nelson et al. 2009; Zhang et al. 2009).

Molecular imaging
The promise of stem cell therapy and recent clinical trials showing cardiac improvement
after stem cell transplantation (Herrmann et al. 2009) as mentioned above, have opened a
growing gap between our lack of basic knowledge of stem cell behaviour and the pressing
need to implement stem cell therapy in the clinic. Recent clinical stem cell trials such as the
REPAIR-AMI (Schachinger et al. 2009) and the MAGIC (Menasche et al. 2008) focused on
secondary endpoints as contractility and perfusion to determine functional outcome. The
next step is to demonstrate in vivo longitudinal tracking of transplanted stem cells to
investigate their behaviour and fate. Therefore finding safe and reliable in vivo molecular
tracking modalities is of utmost importance.

To this end, a variety of diverse approaches have been suggested in the literature, which can
be divided in two main approaches, direct (e.g., physical labelling) versus indirect (e.g,
reporter gene labelling). These topics have already extensively been reviewed (Lee et al.
2008; Narsinh et al. 2009; Pearl and Wu 2008). A recent review by Lau et al (Lau et al.
2009) addresses the clinical applicability of the different imaging approaches, including
MRI-based approaches, radionuclide approaches, reporter gene approaches, and
multimodality approaches.

Imaging approaches
Most common direct imaging approaches use radionuclides (Aicher et al. 2003),
superparamagnetic iron particles (SPIOs) (Bulte and Kraitchman 2004), or gadolinium
chelates (Anderson et al. 2006). The general mechanism physically labels cells ex vivo with
a detectable probe to enable the subsequent monitoring of cells by the appropriate imaging
technique after transplantation.

Indirect imaging works by transfecting or transducing the cells of interest with reporter
genes, allowing cell tracking after administering the reporter substrate. After the reporter
gene is integrated into the cell, it will produce a reporter protein that will interact with the
administered reporter substrate, thus creating a signal that can be monitored with various
imaging techniques, depending on the construct used.

Direct molecular imaging has several disadvantages compared to indirect imaging,
principally the limited half-life of its contrast agent (due to degradation or radioactive decay)
and dilution (because of cell proliferation). In addition, phagocytosis by other cells
(Pawelczyk et al. 2008) may result in reduced cell viability. Li and colleagues compared
longitudinal tracking of undifferentiated ESC and ESC-derived endothelial cells in a SCID
mouse model using a firefly luciferase based reporter gene (via bioluminescent imaging;
BLI) or SPIO based physical labelling (via magnetic resonance imaging; MRI) (Li et al.
2008). They concluded that the long term monitoring of cell survival is more accurate using
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the reporter gene approach, because the slow tissue clearing of SPIOs can give a false
positive representation of cell viability.

Reporter gene imaging
Reporter gene technology offers the best options in cell survival tracking because the
reporter protein engages in transcription and synthesis within the cell, which conclusively
prove cell viability. Furthermore, as the reporter genes are incorporated in the cell's genome,
imaging is not hampered by cell division when the reporter gene is passed on to daughter
cells. For these reasons, indirect imaging utilizing reporter genes seems a promising
alternative.

Three major approaches have been used in reporter gene imaging (Zhang et al. 2008). 1) In
enzyme based reporter genes (Figure 1A), the inserted reporter gene codes for a reporter
enzyme and intracellularly interacts with the reporter substrate, trapping it inside the cell
membrane (Green et al. 2004). 2) Similarly, with receptor based reporter genes (Figure 1B),
the inserted gene transcribes for a receptor that binds the reporter substrate inside and
outside the cell (Gambhir et al. 2000). 3) Less popular than the other approaches, is the
transporter based reporter gene method (Figure 1C). The inserted gene transcribes for a
transporter protein, which actively accumulates reporter substrate inside the cell (Doubrovin
et al. 2007). The last technique has also been applied in MRI based approaches (Genove et
al. 2005).

Disadvantages of reporter gene system
Reporter genes do have certain disadvantages or risks. By incorporating the reporter gene in
the cell genome, a number of undesirable effects could occur, depending on the type of viral
vector used (Arbab et al. 2009). Risks include alteration of the cells features through
unexpected DNA instability (possibly even leading to malignant behavior (Nienhuis et al.
2006)), immune responses from the recipient to the transformed cells (Zhou et al. 2006),
gene silencing (Krishnan et al. 2006), and over-expression of reporter protein through
uncontrolled insertion of multiple reporter gene copies in the cell (Lau et al. 2009).

Imaging modalities
Numerous animal investigations have shown promising results in several different
approaches to monitor specific cells. Kraitchman and colleagues monitored MSC migration
with MRI after magnetically labelling the cells with SPIO particles in a swine myocardial
infarction (MI) model (Kraitchman et al. 2003). Wu and his group transiently transfected
and monitored cardiomyoblasts injected in a rat heart with PET using a mutant herpes
simplex type 1 (sr39) thymidine kinase (HSV1-sr39TK) reporter gene with 9-[4-
[18F]fluoro-3-(hydroxymethyl)butyl]guanine (18F-FHBG) as reporter probe (Wu et al.
2003). The HSV1-TK enzyme can monophosphorylate 18F–FHBG and thus can be used to
image cells that express the HSV1-TK PET reporter gene. Bioluminescent imaging using
charge coupled device (CCD) cameras and fluorescent imaging have proven to be very
suitable for small animal imaging (Sheikh et al. 2007; Wu et al. 2003). Cell survival
analyses utilizing bioluminescence imaging is shown in Figure 2. Although researchers are
seeking to improve methods (Loening et al. 2007; Rabinovich et al. 2008) thus far
fluorescent and bioluminescent imaging of stem cells have limited clinical value due to
limited tissue penetration (Zhao et al. 2005). More promising approaches are MRI, positron
emission tomography (PET) and single photon emission computed tomography (SPECT),
which are not affected by the penetration problem. Although MRI has the advantage of
reaching near cellular resolution, as mentioned earlier MRI based on (pre)labeled cells can
give a false positive representation of cell viability through dilution of contrast agent by cell
division and phagocytosis by macrophages. MRI reporter genes have not yet been as widely
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applied as PET and SPECT, mostly due to concerns regarding their detection sensitivity
threshold (Vande Velde et al.). As such PET and SPECT based imaging modalities seem the
most promising and have been extensively applied in various studies (Pomper et al. 2009;
Zhang et al. 2008). Other imaging techniques such as ultrasound and X-ray based methods
for molecular imaging are dependant on ex vivo cell labeling or contrast agents and have
thus far seen little application in molecular imaging of stem cells (Kuliszewski et al. 2009).

Recent proceedings in molecular imaging
Frangioni and Hajjar (2004) list the traits of an ideal imaging technology for the monitoring
of stem cells: (1) The agent should be biocompatible, safe, and nontoxic. (2) No genetic
modification or perturbation should occur to the stem cell. (3) Single-cell detection should
be possible at any anatomic location. (4) The number of cells should be quantifiable. (5) Cell
dilution through division should be minimal to none, and minimal or no transfer of contrast
agent to non-stem cells should occur. (6) Noninvasive imaging in the living subject should
be possible over months or years, without requiring an injectable contrast agent.

To date, no perfectly ideal imaging modality exists, as none of the most promising
techniques meets all these demands. For the time being, a possible solution is the use of
multimodality imaging systems that combines several modalities in one construct. Cao and
colleagues (Cao et al. 2007a) created a versatile imaging platform using a lentiviral based
vector to stably transfect murine embryonic stem cells with a combined PET and BLI
imaging reporter gene. Furthermore, by utilizing the PET reporter gene as a suicide gene in
the gangciclovir treatment, teratoma formation was diminished in comparison to control
animals. The added value of the dual role of the PET reporter gene could prove to be a
valuable advantage in the clinical application of this technique. Further developments
include dual fusion reporter genes combining MRI and PET, or even triple fusion reporter
genes combining fluorescence, bioluminescence, and PET. Kraitchman and colleagues
(Kraitchman et al. 2005) combined single-photon emission computed tomography CT
(SPECT/CT) and MRI to monitor MSCs in a large-animal model of acute myocardial
infarction. Ray and colleagues (Ray et al. 2007) reported the construction and validation of
an improved triple fusion reporter gene that is compatible with three different imaging
modalities: PET, BLI and fluorescence. Representative images are shown in Figure 3.

Clinical application
Clinical investigation of both direct and indirect reporter agents has so far been limited, as
many approaches have not yet been clinically approved. Hofmann and colleagues (Hofmann
et al. 2005) monitored BMSCs labeled with 18F-fluorodeoxyglucose ([18F]-FDG) after
transplantation in patients with MI using PET imaging. As mentioned before, the main
drawback in the clinical application of indirect labelling is the fact that this technique
requires genetic manipulation of the cells. Several studies have investigated whether reporter
genes can lead to undesirable changes of the altered cells. Using proteomic and genomic
analysis, we have found no significant functional differences between ES cells expressing
reporter genes and control ES cells (Wu et al. 2006a; Wu et al. 2006b). Wang and colleagues
(Wang et al. 2009) demonstrated that lentiviral transduction of the same triple reporter gene
in human MSCs did not affect the basic properties of these cells. Yaghoubi and colleagues
(Yaghoubi et al. 2001) proved that the PET reporter probe [18F]-FHBG can be safely
applied in human subjects and recently successfully transfected ex vivo expanded human
autologous CD8+ T cells and HSV1-tk PET reporter gene, administering them to a patient
with glioma (Yaghoubi et al. 2009). So far this is the first documented case report of
reporter gene imaging based therapy used in humans.
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Conclusion
A wide variety of stem cell types are available for the treatment of myocardial damage, with
distinct advantages and disadvantages. Overall, we conclude that despite considerable
advances in our knowledge and repertoire of imaging techniques, many issues remain to be
resolved in order to accurately explain the mechanisms and survival of stem cells in human
tissues. Since no perfectly ideal imaging modality has emerged so far the use of
multimodality imaging systems that combines several modalities in one construct seem to be
most suitable to overcome the current limitations posed by individual techniques.
Nevertheless, the first documented case of reporter gene imaging based therapy in humans is
an exciting development that may lead to other useful clinical applications in the near future.
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Figure 1.
After transduction in the cell's genome, the reporter gene will transcribe mRNA coding for
the following: A) reporter proteins that bind, capture, and activate the reporter probes
entering the cell. B) Reporter proteins binding reporter probes on the cell membrane and
intracellularly. C) Reporter proteins that actively accumulate and trap active reporter
proteins inside the cell.
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Figure 2.
Bioluminescence imaging of the survival of the different cell types in a mouse
transplantation model as used in our laboratory: bone marrow mononuclear cells
(BMMNC), skeletal myoblasts (SkMB), cardiac progenitor cells (CPC), adipose tissue
derived stromal cells (ASC), and embryonic stem cell derived cardiomyocytes (ESC-CM).
Loss of cell survival is seen in all cell types following intramyocardial infarction and
injection of cells. Reprinted with permission (Cao et al. 2008; Li et al. 2009; van der Bogt et
al. 2009; van der Bogt et al. 2008).
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Figure 3. PET/CT and MRI imaging of stem cells
Transverse (A), coronal (B), and sagittal (C) image orientations of the detection of
intramyocardially injected 18F-FDG–labeled cardiac-derived stem cells (red) in rat heart
(green) by small-animal PET/CT after ligation of mid left anterior descending coronary
artery. PET was performed immediately after cell transplantation. Representative magnetic
resonance images of normal mouse hearts (D&G), mouse embryonic stem cell transplanted
hearts (E&H), and normal saline–treated hearts (F&I) shown in end-diastole (D-F) and end-
systole (G-I) at 1 week after left anterior descending coronary artery ligation and cell
transplantation. Reprinted with permission (Hendry et al. 2008; Wu et al. 2010).
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