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Abstract

The administration of exogenous stem cells offers promise to regenerate many damaged organs.
However, failures of these cellular therapies could be related to many issues, such as the type of
stem cell, the dose of cellular therapeutic, dosing regime, and mode of delivery. The recent ability
to directly label stem cells with magnetic resonance (MR) contrast agents provides a simple,
straight-forward manner to monitor accurate cell delivery and track stem cells non-invasively in a
serial manner. Provided here is an overview of the currently available MR-labeling methods,
including direct non-specific labeling with contrast agents, indirect specific labeling with contrast
agents, labeling with MRI reporter genes, and fluorine hot spot labeling. Several of these
approaches have now been applied successfully in preclinical animal models of cardiovascular
disease. Once properly implemented, future clinical trials may benefit greatly from imaging stem
cells with MRI.
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Introduction

After initial early observations in preclinical studies of the benefits of cellular myoplasty in
acute ischemic disease, the first patient studies using bone-marrow-derived stem cells were
initiated in 2000 and 2001 [26,44]. This has now been followed by many clinical cardiac
cellular therapy trials [5,19,31,36,38,53] culminating with randomized, double-blinded,
placebo controlled trials [41]. However, the results to-date have, at best, shown modest
benefit to the patient raising questions about the efficacy of cellular therapy and the optimal
treatment regime. At the same time, the first clinical studies using cells labeled with
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superparamagnetic iron oxides for cell tracking by magnetic resonance imaging (MRI) have
been recently reported for neurological and oncological patients [17,54]. The adaptation of
these MR labeling techniques to cardiovascular cellular therapy clinical trials could help
shed light on the apparent conflicting results from current clinical trials in several ways. In
particular, labeled stem cells could provide a means of determining whether the stem cells
reach the heart and, if so, how long they remain in the heart. Furthermore, tracking of
labeled stem cells with MRI can be used to ensure correct cell delivery and provide insight
into the preferred sites of engraftment. From this information, the most favorable dosing and
timing of stem cell injections can be determined to optimize the cellular therapy based on
the pathology of the individual patient.

In this review, we will describe several methods to label stem cells for MRI with an
emphasis on techniques that show promise for rapid translation to the clinical realm. The
advantages and disadvantages of these techniques will be discussed. Seminal preclinical
studies using labeled stem cells in the heart that have been performed will be described.
Finally, the future directions of stem cell labeling that are on the horizon will be discussed.

MR labeling strategies

The three major ways to label cells are: (1) non-specific direct cell labeling, (2) indirect
specific (i.e., receptor-mediated) cell labeling; and (3) reporter gene probe labeling. For MRI
cell labeling, direct and receptor-based labeling have been most extensively used. In
addition, there are several considerations that must be taken into account besides the route of
cell labeling when choosing a labeling compound for stem cells. In general, the compound
must be biocompatible with minimal toxicity when released by the stem cell. The agent must
not interfere with normal regulatory or differentiation pathways of the cells. Moreover, the
imaging technique must be sensitive enough to the label such that it can still be detected, at
least following initial stem cell division and replication.

Non-specific direct cell labeling

Direct cell labeling is the most straight-forward and simplest route for cell labeling.
Because, with MRI, we are imaging the effect of the label on body water rather than the
label directly, special consideration of the reduced sensitivity of the label when internalized
must be recognized when the direct cell labeling is used. This issue is encountered with
paramagnetic metal chelates or “T1 agents”, which usually induce hyperintense contrast.
Agents with higher relaxivity (the effectiveness of contrast agent in increasing the relaxation
rate per mmole of metal) are more amenable for direct cell labeling. At higher magnetic
field strengths, due to the reduced water exchange across the membrane, which leads to less
efficient inner sphere dipole—dipole interactions, internalized paramagnetics can often only
induce hypointense contrast through outer sphere magnetic susceptibility effects [39]. In
addition, the metabolic fate and excretion pathway of paramagnetics have not been
investigated, and with dechelated metals, such as gadolinium, being toxic, prompt clinical
translation is questionable. In contrast, superparamagnetic iron oxide (SP10O) compounds are
widely used within the stem cell labeling arena due to their ability to create large
“blooming” hypointensities in images, which becomes more effective upon cellular
internalization and particle clustering. Early in the development of SPIQs, it was recognized
that these agents were readily taken up by phagocytic cells, such as macrophages. Thus,
after intravenous injection of SP10s, macrophage-rich atherosclerotic plaques become laden
with SPIOs resulting in hypointensities on T2* weighted imaging. However, non-phagocytic
cells, such as stem cells, must be induced to internalize SP10s. Furthermore, for cardiac
regenerative therapy, stem cells are typically harvested and potentially expanded or enriched
prior to administration. Consequently, exogenous labeling of the stem cells can be
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performed if the technique is fast enough, affording the ability to label cells with a high
concentration of the contrast agent.

Two methods have emerged to directly and non-specifically label stem cells with SPIOs.
The first method, “magnetofection”, combines the SP10s with a transfection agent, such as
poly-L-lysine or prot-amine sulfate [21]. The SPIO becomes coated with the transfection
agent through electrostatic interactions, with the SP10 being anionic and the transfection
agent cationic. The SPIO-PLL complex is typically incubated with the cells in normal
media for approximately 24 h. Numerous stem and progenitor lines have been effectively
labeled using magnetofec-tion. Many studies [7-9,20,21] have shown that cell viability and
metabolism is unaltered by magneto-fection, with most reporting no inhibiting effect on cell
function or differentiation. However, the in vitro differentiation capacity of mesenchymal
stem cells along a chondrocytic lineage was reduced after SPIO labeling in a dose-dependent
manner, whereas osteogenic and adipogenic differentiation was not [33]. One study
suggested that the transfection agent, poly-L-lysine, was responsible for the negative effects
on differentiation [4], but another study showed that poly-L-lysine alone enhanced
chondrogenic differentiation and increased pellet size [10]. One disadvantage of
magnetofection is the relatively long incubation time, which would not be possible in many
of the bone marrow mononuclear stem cell trials that have been performed. A second
drawback is that transfection agents are not clinically approved for use in cell labeling.
However, one of the first cardiovascular applications of magnetofection was to label
mesenchymal stem cells for tracking in a swine model of acute myocardial infarction (Fig.
1) [34].

A second method, “magnetoelectroporation” (MEP), offers a more rapid method to label
stem cells [15,50]. MEP is based on the technique of electro-poration used to transfect cells
with proteins or DNA. With MEP, lower voltage pulses are used to induce the cells to
endocytose contrast agents rather than creating channels or pores as typically occurs with
higher voltage, higher duration pulses of electroporation. Thus, several million cells can
easily be labeled in a matter of minutes. MEP has been used to label a wide variety of stem
and progenitor cells without loss of viability or changes to metabolism [47,50]. After both
magnetofection and MEP, the contrast agent is stably maintained in endosomes. Walczak et
al. [50] have shown that the amount of uptake of SP10s using MEP is related to the cell size.
For instance, larger mesen-chymal stem cells (MSCs) have more cytoplasm and can
accumulate a several-fold higher number of SP10s as compared to smaller neural stem cells
[50], In addition to the ability to rapidly label cells, MEP does not require the use of a
transfection agent and, thereby, eliminates another potential regulatory hurdle for clinical
acceptance of the labeling technique. For cardiovascular applications, MEP was first used to
label bone marrow-derived stem cells in a rabbit model of peripheral arterial disease (Figs.
2) [32]. In this application, the proximity of the SP10-labeled stem cells could be
determined by displaying intrinsically registered MR angiography and high-resolution
images of the labeled cell injections (Fig. 2).

A primary disadvantage of the direct labeling techniques is that the label may still remain
even after the cell has died. Fortunately, SP10s are seldom taken up by non-phagocytic cells.
Thus, the concern that the MRI signal represents cells other than the exogenously labeled
stem cells is largely limited to extracellular SP1O complexes or SPIOs engulfed by
macrophages. In practice, it appears that the myocardium is extremely efficient at removing
at SP10s such that the hypointense MRI signal appears to be largely related to the originally
labeled stem cells [46]. Another issue with direct stem cell labeling is the dilution of the
label as the cell replicates. Therefore, if cardiac cellular therapy was successful at
regenerating myocytes, then the labeled cells may no longer be detectable after several
initial cell divisions.
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A final concern that is intrinsic to any labeling method is the ability to distinguish
hypointensities from SPI1Os from other causes of negative image contrast artifacts, e.g.,
hemorrhage, air, metallic devices, etc. Van den Bos et al. [49] demonstrated that SP1O-
labeled human umbilical vein endothelial cells that were injected post-mortem could not be
distinguished from areas of hemorrhage/microvascular obstruction in the infarcted
myocardium of swine. Using an imaging scheme comparing T2*-weighted and proton
density-weighted imaging, Kustermann et al. [35] were able to differentiate ultrasmall SP10-
labeled embryonic ventricular cardiomyocytes from the infarcted myocardium (Fig. 4). An
alternative approach has been to develop methods to obtain positive contrast from SPIO
labeled cells [14,37,45] rather than negative contrast (Fig. 2).

Indirect specific (receptor-mediated) cell labeling

Receptor-mediated cell labeling is accomplished by complexing an MR-visible contrast
agent with a ligand that will be bound by a stem cell-specific receptor. One example is the
use of biotin—avidin interactions to link a monoclonal antibody to a contrast agent, typically
for imaging specific vascular targets [12]. There can be several advantages to this technique.
If the receptor-contrast agent complex remains on the cell surface, one can reduce the
sensitivity problem that is created by internalization of the contrast agent as is seen with
direct labeling, in particular when using paramagnetic chelates. In addition, the safety profile
of the contrast agent may be enhanced if it is not internalized. If a receptor unique to the
stem cell can be found, then potentially the stem cell can be detected by injection of the
contrast agent alone. Frequently with receptor-mediated cell labeling, the receptor may be
species-specific. Thus, the cell-labeling compound may need to be modified between
preclinical and clinical testing. Moreover, the labeling method is more likely to be cell-
specific. As a result, a receptor-based cell labeling is more complicated to manufacture and
test. At present, no receptor-based cell labeling has been developed for cardiovascular stem
cell applications. While receptor-mediated cell targeting has been performed using
gadolinium-based agents to enhance the detection of various components of the
atherosclerotic plaque [52], the development of such unique, specific targets on the stem cell
that are readily accessible through vascular delivery is unlikely.

Reporter gene cell labeling

The third method of cellular labeling is transfection with a reporter gene that expresses
either an enzyme/ protein product or receptor that can be detected using MRI. While
transfection of a cell with long-term expression of the gene production is the most complex
method for cell labeling, the advantages are that (1) the reporter gene does not dilute out
with cell division, in principle allowing indefinite cell tracking regarding of the number of
cell divisions; (2) the reporter gene is only expressed by viable cells; and (3) the reporter
gene can be inserted under a specific promotor that is only switched on if the stem cell
differentiates into a particular phenotype (e.g., MSC differentiation into smooth muscle
cells). Reporter gene methods have been most extensively developed for radionuclide
applications with recent extension to cardiovascular applications (Fig. 3) [11]. This
particular example using murine embryonic stem cells transfected with a triple fusion
reporter gene demonstrates the fact that cell division results in increasing signal rather than
the signal decrease, which would occur with most direct labeling techniques. Potentially,
one can tailor the reporter gene to signal an event such as stem cell differentiation down a
cardiac or hematopoietic lineage by the choice of a specific promoter such as myosin heavy
chain or Tie-2.

Several novel reporter genes have been developed for MR, although none as yet for
cardiovascular specific applications [13,23,25,48,51]. One approach is to engineer cells with
overexpression of the ferritin receptor. These cells will then sequester endogenous iron to
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enable visualization using MRI. While an attractive approach, since it removes the need to
administer exogenous contrast agents, the effect on the cells of increase iron internalization
is unclear. Another approach is to create a reporter gene that produces an artificial protein
[25] or enzyme [51] that will then produce a unique signature that can be detected with
chemical exchange saturation transfer or MR spectroscopy. One inherent problem with
imaging reporter gene expression is whether individual cells can produce enough receptors,
proteins, enzymes, etc. to enable detection by MRI or other non-invasive imaging
techniques. This is in contrast with iron oxide labeling, where the sensitivity of detection is
at the single cell level [27,42].

Current status of MR-labeled stem cells in cardiovascular applications

The first studies using MR-labeled stem cells in cardiovascular applications employed direct
labeling of the stem cells with iron oxide compounds. Delivery of the progenitor or stem
cells was primarily via direct intramyocardial injection either under direct visualization
[35,46,49], using X-ray fluoroscopic guidance [2,28,34], or electromechanical mapping
[22]. Serial MR imaging allowed tracking of the stem cell injections to determine stem cell
engraftment and persistence [2,28,34,46]. Subsequently, several groups [18,43] realized two
potential benefits of MR fluoroscopic delivery of MR-labeled stem cells: (1) the success of
the injections could be immediately recognized; and (2) the targeting of the stem cell
injections to the peri-infarcted tissue could be guided by delayed contrast-enhanced MRI
viability maps. In most studies, in order to be able to visualize the injection catheter with a
high level of confidence, active MR-compatible devices were designed that yield an
extremely high signal intensity that when combined with the soft tissue detail of MRI can be
used to guide injections (Fig. 5). While presenting a promising platform for optimizing stem
cell therapeutic protocols [18,43], there remain many hurdles to overcome for clinical
adoption. Concerns remain about the ability to monitor acute cardiac patients in the high
field environment during a cardiac intervention. In addition, user-friendly, graphical
interfaces with real-time image acquisition are less developed than the X-ray fluoroscopic
environment that results in some resistance to adoption by the interventional cardiologist.
While SPIO-labeled cells have been shown to be safe in patients, regulatory hurdles still
remain for approval of SP1O-labeled stem cells and MR-compatible injection devices.

Future directions

Several new agents have been developed recently that may represent the next generation of
candidates for direct labeling of stem cells to succeed SPIO labeling methods. Gadolinium-
based agents that have higher relaxivities even when internalized have been used to label
stem cells [3,24]. Intrinsically, gadolinium-based labeled stem cells will appear hyperintense
on T1-weighted images, and thereby circumvent some of the concerns about detecting
hypointensities from SPI1O-labeled stem cells.

Another candidate, perfluorocarbons, have recently been used to label stem cells [40].
Because there is no native fluorine signal in the body, MRI of perfluoro-carbon-labeled stem
and progenitor cells allow “hot spot” interpretation [6] analogous to radionuclide imaging
where the signal is solely from the administered radioisotopes, although the sensitivity of
detection is several orders of magnitude lower for 1%F imaging. However, using
conventional proton MRI, exquisite anatomical localization can be obtained without
exposure of the patient to ionizing radiation, and when the 19F and H images are
superimposed, the cellular hot spots can be interpreted within their anatomical context.

Akin to combining radionuclide imaging with computed tomography, many institutions are
installing combined X-ray angiographic and MR imaging suites (Fig. 6). The advantages of
each imaging technology for imaging the heart—the high temporal resolution of X-ray
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fluoroscopy and the high anatomical and functional detail of MRI—can be exploited
[1,29,30]. Since the images from both modalities are intrinsically registered, the fusion of
the two imaging modalities is simplified and can be more rapidly updated. X-ray fusion with
MRI in such a suite has recently been used to use X-ray fluoros-copy to target
transmyocardial iron-oxide labeled mesenchymal stem cells in infarcted swine to avoid
thinned or non-viable myocardium [16]. Thus, the risk of perforation during these
procedures can also be reduced. Moreover these suites can be used to minimize the radiation
exposure to the patient and operators.

Conclusions

Numerous studies using MR-labeled stem cells in cardiovascular preclinical applications
have now been performed and demonstrate the feasibility and safety of these techniques.
Because many of these studies have been performed on clinical MRI scanners using
clinically-approved labeling agents, the likelihood of translation of these techniques to
ongoing clinical cardiovascular stem cell trials is high.
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Fig. 1.

In vivo, high resolution, fast gradient echo image [left 6 ms repetition time (TR); 1.6 ms
echo (TE); 20° flip angle (FA); 512 x 512 image matrix; 5 mm slice thickness (ST); 32 kHz
bandwidth (BW); 28 cm? field-of-view (FOV); and four number of signal averages (NSA)]
acquired on a 1.5 T clinical scanner demonstrate hypointensities (arrows) in the long-axis
imaging plane at the location of two injection sites of superparamagnetic iron oxide (SP10)-
labeled mesenchymal stem cells (MSCs). A delayed contrast-enhanced MRI (right 7.8 ms
TR; 3.4 ms TE; 25° FA; 256 x 92 image matrix; 5 mm ST; 32 kHz BW; 28 cm? FOV; two
slice averages NSA; and 250 ms inversion delay) acquired in the same MRI examination at
24 h after creation of a reperfused myocardial infarction in a pig in which the myocardial
infarction (MI) appears hyperintense, shows that the injections were placed in the infarcted
tissue of the left ventricle (LV). RV right ventricle. (Adapted from [34])
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Fig. 2.

A maximum intensity projection of a 3D T2-prepared MR angiogram (top left gradient echo
imaging of 44 coronal slices with a slice-thickness of 1.5 mm, 14 ms TR, 3.8 ms TE;
fractional echo; 20° FA; 270 x 216 mm FOV; 64.7 Hz/pixel bandwidth; T2-prep echo time
of 50 ms; and a 800 x 800 image acquisition matrix reconstructed to 1,024 x 1,024) acquired
on a 3T MR clinical scanner shows the region of superficial femoral artery occlusion
(arrow) at 24 h post-occlusion in a rabbit model of peripheral arterial disease. Mesenchymal
stem cells (MSCs) that were labeled using magnetoelectroporation with SP10s were injected
into the medial thigh. Two injection sites imaged immediately after injection are shown with
positive contrast imaging (arrows, bottom left) and conventional gradient echo imaging
(arrows, bottom right). Since MRI is a tomographic technique, fusion of the positive
contrast images and MRA can be used to demonstrate the location of the stem cells (arrows)
relative to collateral vessel formation (top right)
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Control

Fig. 3.

Positron emission tomographic (PET) images acquired at day 4 and 1, 2, and 3 weeks after
transplantation of murine embryonic stem cells transfected with a triple fusion reporter gene.
There is a substantial increase in activity from 2 to 4 weeks that corresponds to ES cell
division and replication. (Adapted from [11])
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Fig. 4.

In-situ MRIs acquired on a 7T horizontal bore animal scanner of mouse hearts with
transmural cryo-lesion. Left column (A, B) lesion only. Corresponding slices of a heart 2
weeks after cryo-lesion without implantation of cardiomyocytes. Right column (C, D)
corresponding slices of a cryoinjured heart 2 weeks after implantation of embryonic
cardiomyocytes prelabeled with USPIOs. Top row (A, C) slices of a three-dimensional data
set acquired with a T2*-weighted gradient echo sequence (60 ms TR and 22 ms TE). Bottom
row (B, D) slices of a three-dimensional data set acquired with a proton density-weighted
gradient echo sequence (200 ms TR and 3.2 ms TE). The subpanels, inserted in the center of
the figure, depict the regions of interest, selectively zoomed from the individual four main
panels to better demonstrate the affected region-of-interest. The hypointense areas on the
T2*-weighted images (subpanels of A and C) are encircled and the shapes are projected
onto the proton density-weighted images (subpanels of C and D) to demonstrate the change
in hypointense areas. (From [35] with permission)
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Fig. 5.

A digital image of the tip of a custom MR-compatible injection catheter for transmyocardial
stem cell delivery is flexible and can be guided to all regions of the endocardial surface
(left). This active MR delivery device produces a high signal intensity for easy visualization
during real-time MR imaging using a steady-state free precession imaging technique
(middle, right). The device is steerable and shown in two different degrees of flexion for
transmyocardial injections in the anteroseptal myocardium
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Fig. 6.

Digital image of a combined X-ray angiographic and MR imaging suite with a flat-panel
angiographic display and 1.5T clinical MRI scanner (Siemens Medical Systems). The table
top can be transferred between MRI and X-ray to allow registration of the two imaging
modalities. Such suites offer the advantages of high temporal resolution from X-ray
fluoroscopy and high anatomical detail from MRI for cardiac interventions. Similarly
configured suites are available from all major MRI vendors
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