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Abstract. Regenerative medicine with the use of stem cells has appeared as a potential therapeutic alternative for many
disease states. Despite initial enthusiasm, there has been relatively slow transition to clinical trials. In large part, numerous
questions remain regarding the viability, biology and efficacy of transplanted stem cells in the living subject. The critical
issues highlighted the importance of developing tools to assess these questions. Advances in molecular biology and imaging
have allowed the successful non-invasive monitoring of transplanted stem cells in the living subject. Over the years these
methodologies have been updated to assess not only the viability but also the biology of transplanted stem cells. In this
review, different imaging strategies to study the viability and biology of transplanted stem cells are presented. Use of these

strategies will be critical as the different regenerative therapies are being tested for clinical use.

Over the last decade, regenerative medicine has
appeared as a powerful alternative for the treatment
of many diseases [1-4]. The main objective of cell-
based therapies is to repopulate the damaged tissue
with functional cells, with the final goal that these
cells will integrate with the remaining functional
native cells and contribute to the recuperation of the
lost function. Regenerative medicine has been used
to repair different organs/systems: endocrine (i.e.,
pancreas) [5], musculoskeleton (i.e., bone, joints)
[6, 7], and cardiovascular system (i.e. myocardium)
[8-10], as well as adjuvant treatment for malignan-
cies [11]. While much has been learned on how
stem cells function in cell culture, several questions
remain regarding the biology of stem cells in living
subjects. For most therapeutic applications of regen-
erative medicine, critical issues such as stem cell type
and delivery route of stem cells remain to be eluci-
dated. In addition, after cells are transplanted to the
living subject, it becomes critical to understand the
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biology of transplanted cells and how they interact
with the microenvironment. To answer some of these
questions, it is imperative to perform these studies
directly in the living subject in a longitudinal man-
ner. Until recently those could not be performed in a
reliable and accurate manner. Recent developments
in molecular imaging modalities may likely permit
investigators to answer some of these questions. Fur-
thermore, some of these imaging strategies have the
potential to be translated to patients, which makes
them plausible to be used in the clinics.

REQUISITES FOR THE IDEAL IMAGING
MODALITY FOR STEM CELL TRACKING

The ideal imaging agent/modality should provide
the following information:

Real-time visualization of stem cell delivery
Determination of location(s) of cells over time
Quantification of numbers of viable transplanted
stem cells

Long-term quantification of transplanted stem
cell survival
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e Study of stem cell biology:
o Interaction between stem cells
o Interaction of stem cell with its microenvi-
ronment
o Differentiation capacity of stem cells

The chosen labeling modality should not interact
with the normal functions of the stem cell. Otherwise,
one would not be able to accurately study the biol-
ogy of these cells over time. In addition, issues such
as biocompatibility, toxicity, and safety not only to
the stem cell but most importantly to the individual
should also be considered and included in the decision
of which modality to use.

All imaging modalities have a certain degree of
background/non-specific signal (that may interfere
with the signal under study). The preferred imaging
modality should be one that provides a good con-
trast between background and the target signal under
study, achieving a large signal-to-noise ratio. Further-
more, it should have good specificity (negative study
in the absence of what is being studied, stem cells in
this case). Only then will it be possible to use these
modalities to study stem cell biology.

The main objective of regenerative medicine, and
thus of stem cell imaging, is its clinical applications.
It is generally agreed upon that before its clinical
use, therapeutic strategies should be tested in clinical
models of disease. Thus, an ideal imaging modality
should be flexible across different imaging modali-
ties, both in terms of spatial resolution and system
sensitivity (the lowest amount of activity or numbers
of cells that can be detected by that specific modality).

METHODOLOGIES FOR LABELING
STEM CELLS

Direct labeling

One of the most commonly used strategies for the
labeling of stem cells for imaging in living subjects
is that of direct labeling [12—-15]. In a direct label-
ing strategy, labeling agents are introduced into the
cells prior to transplantation, stem cells transplanted
and then followed in the living subject (Fig. 1). The
strategy is then used to image the molecules pre-
viously introduced into the cell and use them as
surrogate of the number of stem cells. Depending
on the imaging modality to be used, cells can be
labeled with quantum dots (Fig. 1A) [16-18] or flu-
orophores [19-21] for optical fluorescence imaging,
radionuclides for single photon emission computed

tomography (SPECT) or positron emission tomogra-
phy (PET) [22-25] and superparamagnetic iron oxide
particles (SPIO, Fig. 1D) for magnetic resonance
imaging (MRI) [26, 27].

Fluorescent semiconductor nanocrystals (known
as quantum dots, QDs [28] or different fluorophores
[29] have been used to monitor stem cells in the living
subject. At each imaging time point, QDs and fluo-
rophores are excited at predetermined wavelengths,
and emit a fluorescent signal that can be used for
imaging of transplanted cells. The QDs have nar-
row emission spectrum and broad excitation spectrum
and have demonstrated high resolution, long dura-
tion, high sensitivity [30]. This strategy has been
used for tracking of stem cells in many organs [18,
28, 29, 31, 32]. However, fluorescence imaging has
limited tissue penetration (around 2 mm) limiting
the use of these techniques to superficial tissues in
small animals (e.g., mice) [33, 34]. Several efforts
are underway to provide tomographic fluorescence
imaging [35-37]. More recently, there has been sig-
nificant interest in the use of time domain imaging
(TDI) as a way to identify the location of the detected
signal [38]. In TDI, a specific location on the subject
is illuminated with a laser pulse and a detector mea-
sures the arrival distribution of photons as a function
of time at different locations. If one knows the amount
of time it takes for the pulse to occur (typically sub
nanosecond) and the time of arrival of the signal to
the detector, one can infer the depth of the signal
origination. Furthermore, TDI systems can provide
temporal information from which fluorescence life-
time can be derived, allowing simultaneous imaging
of fluorophores with different lifetimes even if they
have overlapping spectra [39].

In this review, focus will be placed mainly on
direct labeling modalities that have the potential to
be applied clinically: MRI, SPECT, and PET.

Magnetic resonance imaging

Magnetic resonance imaging has been commonly
used for imaging of stem cells, mostly based on
concept of the imaging of SPIOs. SPIOs are highly
magnetic particles that can elicit changes in T relax-
ivity (effect known as T, *) [40-45], allowing their
detection in vivo (Fig. 1D). In a direct labeling
strategy, SPIOs are incorporated into cells (using
either electroporation or liposome-based incorpora-
tion techniques), cells then transplanted to the living
subject, and subsequently MR imaging is performed
[33, 46] using gradient recalled echo sequences [47].



F. Abbas et al. / Molecular Imaging of Stem Cells 29

Fig. 1. Direct cell labeling. In a direct labeling strategy, labeling agents are introduced ex-vivo, stem cells are then transplanted to the
tissue/organ of interest, and then non-invasive imaging is performed. Direct labeling can be achieved with fluorescence (quantum dots, QD,
panel A), single photon emission computed tomography (SPECT) imaging 111-Indium ('!'In, panel B), positron emission tomography (PET)
for the imaging of '®Fluorine-Fluorordeoxyglucose ('®F-FDG, panel C) or magnetic resonance imaging (MRI) using superparamagnetic
iron oxide particles (SPIO, panel D). Reprinted from Chen IY, et al. Cardiovascular Molecular Imaging: Focus on Clinical Translation.

Circulation 2011; 123(4): 425-443 with permission.

The signal originated from the SPIOs is used as a sur-
rogate for number of cells. MRI offers the advantage
of high spatial resolution, resulting in detailed organ
morphologic and functional information, and thus
appears as a good candidate for an integrated stem cell
imaging-functional assessment imaging approach in
organs like the heart [46, 48] or the brain [14,49]. MR
has also been used to monitor the delivery process.
Specifically, MR fluoroscopy allows real-time assess-
ment of the delivery of stem cells to the myocardium
[46, 48]. However, the sensitivity of SPIO-based
labeling is in the micromolar range (10_5 mol/L) [33,
34] and may not be sensitive enough to detect low
signal levels (more than 1 x 10° cells are needed)
[50]. Sensitivity of the system can be increased using
high-field magnets (e.g., 11 Tesla). However, for now
these magnets are limited to use in small animal pre-
clinical models. In recent years Ferrumoxytol, an

ultra-small superparamagnetic iron oxide nanopar-
ticle (USPION), has recently been used to track
the fate of transplanted stem cells using magnetic
resonance imaging (MRI) and has shown promis-
ing results. USPION are magnetic nanoparticles that
have an active surface coating for different applica-
tions. Because Ferumoxitol is already approved by
the FDA, albeit for a different indication, it has the
potential to be used in future cardiac stem cell therapy
trials [51-54].

Iron oxide-based imaging constitutes a very good
imaging strategy for initial localization of cells after
transplantation, and for the co-registration of cell
transplantation with areas of functional loss. After
myocardial infarction, MR imaging is used to identify
areas of infarction (using delayed enhancement MR
techniques), and SPIO-MRI can be used to label stem
cells for their localization immediately after delivery
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Fig. 2. Imaging after direct cell labeling. Panel A, cells have been loaded with paramagnetic particles (Ferumoxitol), delivered to the brain,
and then imaged using MRI. The black signal (red arrow) represents the paramagnetic signal. Panel B, rat cells were loaded with ' Indium
Oxine ex-vivo, transplanted to the myocardium of rats, and then imaged using SPECT. SPECT has the capability of doing dual isotope
imaging (e.g. '''InOx to image cells-red arrows- and 2°! Tl to image tissue perfusion-yellow arrows-). In panel C, bone marrow cells have
been loaded with '3F-Fluorodeoxyglucose, delivered intracoronary to the myocardium, and then imaged using PET. The white arrows point
to the transplanted cells in the heart, as well as the liver and spleen uptake (route of elimination of 'F-FDG). LV: left ventricle. Reprinted
from Zhou R, et al. In Vivo Detection of Stem Cells Grafted in Infarcted Rat Myocardium. J Nucl Med 2005; 46:816-822, Hofmann M, et al.
Monitoring of Bone Marrow Cell Homing into the Infarcted Human Myocardium. Circulation 2005; 111(17):2198-202, and Lee NK, et al.
Magnetic Resonance Imaging of Ferumoxytol-Labeled Human Mesenchymal Stem Cells in the Mouse Brain. Stem Cell Rev and Rep 2017,

13:127-138 with permission.

[46] (Fig. 2 A). However, SPIO-based imaging is not
well suited for long-term monitoring of stem cells
[33, 47, 55]. Several reports suggested that SPIOs
may not stay in the transplanted cells over time [55],
but rather be incorporated by macrophages and other
cell types, and some iron may remain in the interstitial
space.

Because the effect of iron particles on the magnetic
field continues (regardless of the location and status
of the transplanted cells), there may be an uncou-
pling between the MR signal and the viability of
stem cells [55]. This effect may not be critical for
the initial localization of transplanted cells; but will
preclude the use of this strategy for the monitoring of
transplanted stem cells over time.

Radionuclide imaging

Radionuclide labeling of cells has also been used
for cell imaging, using a strategy similar to SPIO-
based techniques, which is to introduce a labeling
agent to the cell prior to transplantation (Fig. 1B and
1C). Radionuclides used for this purpose can have dif-
ferent physical half-lives (e.g., 99mTe: 6 hours, n:
2.8 days, I8F: 109 minutes, **Cu: 12 hours), that will
determine the amount of time that cells can be moni-
tored non-invasively after cell labeling. For example,
" n-labeled cells have been used for many years

to track the homing of inflammatory cells to local-
ize inflammatory processes [13, 56]. More recently,
the methodology has been applied to the labeling
of stem cells, using different isotopes (e.g., '!'In
for SPECT, '8F-Fluoro-Deoxyglucose ('®F-FDG) for
PET). Use of isotopes like '8 F-FDG (physical half-
life=109 minutes) may allow tracking of cells for
a 6-8 hours (after correction for isotope physical
decay) after transplantation [22] (Fig. 2B) [57], while
use of ''In (Fig. 2C) may allow cell tracking longer
periods of time (up to 14 days) [58]. In addition to its
physical half-life, each radionuclide also has a bio-
logical half-life (e.g., radionuclides may go in and
out of the cell), which should be taken into consider-
ation when performing these studies. More recently,
there has been significant interest in the use of probes
that have longer half-life (Zerconium, 89Zr) [59, 60].
One of the major advantages of SPECT and PET
imaging is their high sensitivity (nano- and femto-
molar, respectively), which permits the detection of
relatively low amounts of signal [24, 61, 62]. How-
ever, SPECT and PET have relatively low spatial
resolution, compared to other modalities (such as
MRI), which may be arelative disadvantage for signal
localization. The recent development of integrated
PET-Computed Tomography (CT) and SPECT-CT
provides a better anatomical guide for the location
of the detected signal.
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Advantages and disadvantages of direct labeling.
Role in the assessment of stem cell therapy

Use of SPIOs (at least at doses of 20 pg of
SPIO/cell) may have an effect on the gross morphol-
ogy and proliferation capacity of stem cells, which
may preclude their widespread use as a labeling strat-
egy [43, 47]. In the case of radionuclide labeling, cell
toxicity will likely vary depending on the radionu-
clide and dosage used [63, 64].

In addition, both SPIOs and radionuclides have
a biological half-life (e.g., may go in and out of
the cell), which should be taken into consideration
when performing these studies. Thus, when using this
imaging strategy, physical as well biological prop-
erties of the labeling agent should be considered
together with the properties of the cells, to accurately
determine the appropriate cell imaging modality. In
general, the shortest half-life (biological or physical)
will determine for how long transplanted cells can be
monitored.

One of the main limitations of any direct labeling
strategy is that it does not account for cell via-
bility/division (i.e., cell numbers increase after cell
division, but the number of radioisotope molecules
stays the same), which results in “dilution” of the
signal over time. This aspect of direct labeling limits
its use for long term monitoring.

In summary, direct labeling strategies (whether
it is MRI, SPECT-CT or PET-CT) appear to be a
good imaging strategy for detection of cells shortly
after transplantation (e.g., to ensure that cells where
delivered to the intended organ or region of an
organ), providing a good signal-to-noise ratio, but
less suited for long-term monitoring of stem cell
viability.

Reporter gene imaging

There is increasing need to understand the biology
of stem cells after they are transplanted to the living
subject. To achieve that, one needs a strategy that can
accurately monitor stem cell biology in a longitudinal
manner, without interfering with the normal biology
of the cells under study or of the transplant recipient.
In order to accurately study the biology of stem cells,
such a system should be based on the physiologic
activity of transplanted cells. Advances in molecu-
lar biology and imaging modalities have resulted in
the development of reporter gene strategies, a sys-
tem that allows evaluation of trans-gene expression in
many disease states (Fig. 3) [34, 61, 65-71]. Reporter

genes consist of gene regulatory elements (promot-
ers and enhancers) that drive the reporter gene DNA
sequence, and a polyA sequence (which provides
stabilization to the final product). Initially, reporter
genes were mainly used in histology and ex-vivo stud-
ies (beta-galactosidase and luciferase) to assess the
trans-gene expression in many different tissues and
organs [72-74]. Subsequently, reporter genes were
used for imaging in vivo, using green fluorescent pro-
tein (GFP) [75] or bioluminescence (Fig. 3A) [65],
providing one of the first evidences of the monitoring
of trans-gene expression assessed in living subjects
[76]. For the application of stem cell monitoring, the
reporter gene is incorporated into the cell before cell
transplantation into the living subject. If the stem cells
are viable (e.g., after transplantation), the reporter
gene will be expressed and the protein (e.g., enzyme,
cell surface receptor) will be encoded. On the other
hand, if the reporter gene is not expressed due to cell
death for example, no signal will be produced. At the
specified imaging time point, an exogenously given
substrate is administered. The interaction between
the substrate and the encoded reporter protein (if
present) will result in a signal, which can be detected
non-invasively (using different imaging modalities,
e.g. bioluminescence imaging, radionuclide imag-
ing). The most common use of reporter genes is for
the longitudinal study of stem cell viability. For this
purpose, reporter genes are driven by a constitutive
promoter (e.g., cytomegalovirus or CMV), which is
always turned ON and, as long as the cell is viable and
has the transcriptional machinery intact, will result in
production of the reporter protein. However, the viral
CMYV promoter can undergo “gene silencing” (the
gene is turned OFF) over time [77] (a proposed mech-
anisms is linked to the large number of CpG repeats
in the CMV promoter) that will result in reduced
signal. Practically, a decrease in the activity of the
constitutive CMV promoter will result in decreased
production of the reporter gene which could be mis-
taken for decreased stem cell survival. More recently,
investigators have used of promoters of constitutive
mammalian cell proteins (e.g., B-actin, ubiquitin),
which are proteins that are constantly produced in
a cell. Most of these promoters undergo less gene
silencing and stay “ON” as long as the cell is viable
and may represent better alternatives as the promoter
of choice for assessment of stem cell viability. Fur-
thermore, cells should be monitored for alterations
in their phenotype and dividing capacity, although
recent data suggest that the introduction of reporter
genes do not seem to significantly alter the biological
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Fig. 3. Different types of reporter gene/reporter probe strategies. (A) Enzyme-based bioluminescence imaging. D-Luciferin is a substrate
molecular probe that is acted upon by the enzyme Firefly Luciferase to result in bioluminescence via a chemiluminescent reaction under
physiological conditions only within living cells expressing the firefly luciferase (fluc) gene. (B) Enzyme-based PET imaging. transgene
expression of a mutant herpes simplex virus type 1 thymidine kinase (HSV-sr39tk) reporter gene leads to the thymidine kinase enzyme (HSV 1-
sr39TK), which phosphorylates the PET reporter probe 9-(4-'8F-fluoro-3-hydroxymethylbutyl)guanine (FHBG) and traps it intracellularly.
Radioactive decay of '3F leads to positron (+) emission and subsequent annihilation with a nearby electron (-) to produce 2 oppositely
directed gamma rays as cell signal C) Receptor-based SPECT imaging. expression of sodium iodide symporter (NIS) reporter gene leads
to insertion of sodium iodide symporters into the cell membrane, where they import either '2>I~ or technetium pertechnetate (**™TcO*")
as reporter probe, along with sodium ion (Na™), into the cytosol. Imagig is performed with SPECT D) MRI: transgene expression of either
ferritin heavy chain (FTH) or ferritin light chain (F7L) MR reporter gene leads to the assembly of ferritin (FT) proteins, which can sequester
intracellular iron (Fe). The paramagnetic properties of iron allow them to be imaged with MRI. Reprinted from Cardiovascular Molecular
Imaging: Focus on Clinical Translation. Chen IY, Wu JC. Circulation 2011:123(4): 425-443 with permission.

properties and differentiation capacity of stem cells
[78-80].

Specific biological pathways can also be inves-
tigated using reporter genes strategies. To study a
certain pathway, a specific promoter is used (e.g., a
protein specific promoter), and only when the intra-
cellular signal for the production of that protein
is active, would the reporter protein be made. For
example, if one wants to monitor when embryonic
stem cells differentiate into myocytes, one can use
a reporter gene that is driven by a specific myocyte
promoter, which will only be turned “ON” when the
stem cell under study has turned “ON” the signaling
cascade to produce a mature cardiac protein (e.g. tro-
ponin, desmin). Then, the activation of that specific

promoter will “drive” the expression of the reporter
gene, and one could visualize it non-invasively using
different imaging modalities.

Fluorescent reporter genes

Use of GFP constitutes one of the first exam-
ples of the application of reporter genes for in
vivo imaging of trans-gene expression. Fluorescence
reporter proteins are very sensitive and result in the
emission of a strong signal. However, both light
excitation and emission undergo significant tissue
attenuation (due to absorption) and tissue refrac-
tion, which limits the tissues that can be studied
(up to 2mm in depth) [34, 81, 82]. In view of this,
the most used application of fluorescent reporter
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Fig. 4. Examples of reporter gene imaging. Panel A, shows the different imaging modalities used in reporter gene imaging, such as optical
bioluminescence imaging (left), and radionuclide medicine imaging (PET-right). Subjects are placed in the cooled CCD camera system
or scanner, respectively, and the substrate administered. Panel B presents examples of cell imaging using a reporter gene approach using
the previously mentioned modalities. On the left panel, cells are genetically modified to carry the optical fluc reporter gene, delivered to
the myocardium, and also imaged using a CCD camera after administration of the substrate D-Luciferin. Color images of visible light are
superimposed on photographic images of mice with a scale in photons per second per square centimeter per steradian (sr). On the right panel,
cells carrying the PET reporter gene HSV1-tk have been transplanted to the myocardium. The figure depicts tomographic images of the
myocardium after the administration of the PET reporter probe '®Fluorine 9-[4-fluoro-3-(hy{droxy methyl)butyl]guanine (‘*F-FHBG). The
color scale (%ID/g) indicates the percentage of injected dose that accumulates per gram of tissue. Red arrows indicate the area where cells
are located. Reprinted from Cao F, et al. In Vivo Visualization of Embryonic Stem Cell Survival, Proliferation, and Migration After Cardiac
Delivery. Circulation 2006; 113(7):1005-1014 and Lijkwan MA, et al. Trends Cardiovascular Medicine 2010; 6:183-8 with permission.

genes in stem cell imaging is for ex-vivo analy-
sis, where they can be used for cell sorting. An
issue to be considered in fluorescence imaging is
that it is mainly a planar imaging technique, with
no tomographic capabilities. Novel developments,
such as time-domain imaging [83-85], are incor-
porating the time domain in the analysis, and have
the potential to provide depth information of the
fluorescent signal. In addition, new amplification sys-
tem like protein scaffold e.g. sung-tag have been
developed which can recruit multiple copies of GFP
or transcription enhancing factors leading to ampli-
fied production of florescent reporter protein like
GFP and considerably enhance the signal to over-
come weakening of signals caused by increased tissue
depth and the results are promising [86]. Another
common application of fluorescent reporter genes is
for use in histology (immunofluorescence) for post-
mortem confirmation of imaging results [87]. One
can “mark” cells with a fluorescent reporter gene,
and then when the tissue is excised, the “marked”
cells can be easily identified using histological
methods.

In a recent study a new application developed
with florescent reporter genes in induced pluripo-
tent stem cells derived cardiomyocyte (hiPSC-CM)
was the expression of genetically encoded volt-
age (ArcLight) and calcium (GCaMP5G) fluorescent
indicators. Expression of ArcLight and GCaMP5G
in hiPSC-CMs permitted to reliably follow changes
in transmembrane potential and intracellular calcium
levels, respectively [88].

Bioluminescent reporter genes

Reporter gene-bioluminescence imaging (BLI) is
based on light emission and detection by spe-
cific cooled charge coupled device (CCD) cameras
(Fig. 4A) [65]. Similar to other reporter gene strate-
gies, the BLI signal is only emitted when cells are
viable, and thus can be used for the longitudinal
monitoring of stem cell survival and study of cell
status (Fig. 4A). BLI is commonly used for the track-
ing of stem cells delivered to organs within small
living animals [89-91]. Fluc and Renilla luciferase
(Rluc) are the two most common reporter genes
used for BLI. BLI-Fluc imaging (Fig. 4A) is based
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Fig. 5. Longitudinal monitoring of stem cell survival using reporter gene imaging. Molecular imaging of transplanted stem cells with
bioluminescence and PET imaging. a, To assess longitudinal cell survival, animals were imaged for 4 weeks. A representative study animal
injected with ES-TF cells showed significant bioluminescence (top) and PET (bottom) signals at day 4, week 1, week 2, week 3, and week
4. In contrast, control animals had background activities only. b, Quantification of imaging signals showed a drastic increase of fluc and
ttk activities from week 2 to week 4. Extracardiac signals were observed during subsequent weeks. ¢, Quantification of cell signals showed
a robust in vivo correlation between bioluminescence and PET imaging (12 =0.92). BLI indicates bioluminescence. Reprinted from Cao
F, et al. In Vivo Visualization of Embryonic Stem Cell Survival, Proliferation, and Migration After Cardiac Delivery. Circulation 2006;

113(7):1005-1014 with permission.

on the oxidation of the substrate D-luciferin by
the FLuc enzyme, a reaction that requires oxygen,
magnesium, and ATP, and results in a red-shifted
light emission (wavelength: 500-700 nm). Imaging
in the red-shifted light spectrum results in higher
signal-to-background ratio, with less attenuation by
red blood cells as well as improved tissue penetra-
tion with increases the amount of signal that leaves
the body and increasing signal detection. Because
of all these factors, it is more “attractive” as a
reporter gene alternative for imaging in living sub-
jects. On the other hand, Rluc does not require
other cofactors and result in a lower wavelength
emission (wavelength: 450-550 nm), resulting in a
lower signal-to-background ratio that makes it more
challenging for imaging in the living subject. More

recently, the Gambhir lab has developed red-shifted
Rluc variants that have increased light output which
can make Rluc a more attractive option for in vivo
animal imaging [92, 93].

Using a reporter gene strategy, BLI has been suc-
cessfully used for in vivo study of cell delivery and
monitoring of stem cell viability in small living ani-
mals (Fig. 5). BLI has been used for tracking and
monitoring of different types of cells, such as neural
cells [94], cardiomyoblasts [47, 90, 91] and embry-
onic stem cells [95, 96]. For the delivery of stem cells
to the myocardium, investigators have used ultra-
sound guidance. This strategy (ultrasound guidance
for the delivery of stem cells) allows the precise deliv-
ery of stem cells to the affected part of the organ
(myocardium in this case) [91, 97]. Furthermore,



F. Abbas et al. / Molecular Imaging of Stem Cells 35

in these studies ultrasound guided delivery is com-
plemented with non-invasive assessment of cardiac
function (as it routinely done in the clinic). BLI has
also been used to evaluate the response of stem cells
transplanted to organs like the pancreas [98]. Further-
more, using reporter genes, Kutscha et al. have shown
that modulation of the cellular and local microen-
vironment resulted in prolonged stem cell survival
after transplantation to the myocardium [99, 100].
Our group has also shown that BLI has been used
to show how the hostile ischemic myocardium neg-
atively affects the biology of transplanted stem cells
[101, 102].

As with other imaging modalities, BLI has some
drawbacks and unsolved issues. Currently, BLI is
mainly a planar imaging modality, providing lim-
ited depth information and signal localization within
the living subject. Also, because of the lack of
tomographic information, while BLI can provide
information on the trafficking of stem cells to dif-
ferent organs, it may not be an ideal modality to
accurately assess changes in stem cell viability as
cells traffic between organs. This is because changes
in the depth of the originated signal may be confused
with changes in cell survival. Significant efforts are
being devoted to the development of tomographic
BLI either by rotating the subject under study, by
detecting light using 2 or more cameras, or using
spectral imaging [103, 104], To increase the sig-
nal to be detected, different groups have developed
amplification systems [86, 105—108]. Recently con-
ducted studies show that chemical modification of the
luciferin substrate together with mutant luciferases
extended the capabilities of bioluminescent reporters
resulting in high photon flux in the red and near
infrared spectrum which can help in studying the stem
cells in deeper tissue and organs [109—111]. Due to
the limited tissue depth that can be assessed with BLI,
it is a technique that is mainly restricted to small ani-
mals (rats and mice), and very superficial tissues in
larger living subjects (e.g., skin, in an intraoperative
setting). In the future, these strategies may also be
applied in specific clinical scenarios (e.g., skin, super-
ficial tissues). Because BLI uses imaging strategies
(reporter genes) similar to clinical modalities (e.g.,
PET and SPECT), BLI is routinely used as a starting
step in the development of novel imaging strategies,
and once the efficacy of these strategies is proven they
can be adapted for use in the clinic.

In summary, BLI is a very useful imaging modal-
ity for the monitoring of stem cell trafficking and
survival in small animals and will play a critical role

in the study of cell biology and its interaction with
the microenvironment.

Positron emission tomography/single photon
emission computed tomography reporter genes
Both SPECT and PET reporter gene imaging are
based on the interaction between an exogenously
administered probe (that contains the tracer) and
the reporter gene product (e.g., enzyme, receptor,
Fig. 3B and 3C), what results in the retention of
the radionuclide substrate that can then be imaged
non-invasively [33, 61, 112-114]. One of the main
advantages of PET and SPECT imaging is that it
can provide tomographic, quantitative, and volumet-
ric information, allowing one to better localize and
quantify the detected signal within the subject under
study (Fig. 4B). In addition, the sensitivity of PET
is in the femtomolar range (10~'2mol/L), higher
than MR imaging (107> mol/L), but not as sensitive
as optical imaging (at limited depths, 1075 mol/L).
There are predominantly three reporter gene systems
(for PET or SPECT) that have been used for cell
imaging. The system used the most is based on the
production of an intracellular enzyme (e.g., HSV1-
tk), that phosphorylates an exogenously administered
substrate which is retained in the cell due to its nega-
tive charge. While normal cells (without the HSV-tk)
do carry the enzyme mammalian wild type thymi-
dine kinase, it only minimally phosphorylates the
radionuclide probes used in this system. On the other
hand, in cells carrying the HSV-tk, the exogenously
administered probe undergoes significant phosphory-
lation and intracellular retention, leading to a robust
signal-to-background ratio, enabling accurate mon-
itoring of these cells. Furthermore, this strategy is
very powerful because the enzyme can phosphory-
late many molecules of the radionuclide substrate,
increasing the signal retained in the cells of inter-
est and improving the signal-to-background ratio.
However, the probe has to cross the cell membrane,
which may limit the interaction between substrate
and enzyme, resulting in reduced signal. In addi-
tion, because it is a non-mammalian protein (of viral
origin) it has the potential to trigger an immunolog-
ical response, resulting in a reaction in the organism
with decreased overall signal. Attempts to circum-
vent this problem have included use of a mammalian
protein (dopamine receptor, see later in this para-
graph) or a mammalian mitochondrial tk [115], or a
destabilized HSV1-tk [116]. A second reporter gene
imaging strategy is based on the imaging of dopamine
receptor using PET [117]. In this case, the reporter
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gene encodes for a cell membrane protein, which
binds to an exogenously given probe, and the “bound
probe” is then imaged non-invasively with PET. It is
important to mention that the wild type D>R has the
potential to elicit a downstream biological response,
which can be prevented if one uses a mutant ver-
sion of the dopamine receptor [89, 118]. Importantly,
the mutant version of the DoR (Mutation of Asp80
or Ser194) maintains the affinity for the PET probe
(3-(2’-[18F]-fluoroethyl)-spiperone) used. This strat-
egy can be advantageous as the probe does not have
to cross the cell membrane in order to interact with
the reporter protein. However, this approach is lim-
ited by the amount of signal that can be produced, as
one receptor interacts with only one molecule of the
ligand. One of the most common strategies is the use
of a PET-based reporter gene strategy for the visual-
ization of transplanted cells to the myocardium and
showed that it can be used to monitor the fate of stem
cells after transplantation to the living subject [87,
90]. Similarly, we have shown that transplantation of
pancreatic islet cells can be followed non-invasively
[119-121], similar to what can be done with can-
cer imaging and treatment [122]. A third approach
consists on the encoding of the sodium-iodine sym-
porter (NIS, Fig. 4C) [123-126], which is a thyroid
transmembrane protein, under physiological condi-
tions transport iodine into the cells, in exchange for
sodium. Successful sequencing and cloning of the
NIS gene sequence allowed its use as a reporter gene
in the thyroid and other organs. This system has
been used not only for PET (with '2*I as the tracer),
but also for SPECT imaging (using '**T or *Tc-
perthechnetate as tracer). The somatostatin receptor
reporter gene [127] can also be evaluated with both
SPECT and PET as imaging modalities, providing
flexibility on the assessment of trans-gene expres-
sion [128-130]. Other less frequent reporter genes
include the neurotensin receptor subtypes [131, 132],
and cytosine deaminase [133, 134]. Details of the use
of these reporter genes are beyond the scope of this
review and can be found elsewhere [128].

The major advantage of PET and SPECT in their
high sensitivity and their ability to detect only live
cells and possibility of using antivirals like ganci-
clovir in HSV1-tk model to be used as suicide gene
to decrease the risk of tumorigenicity and dual use of
NIS as an imaging and therapeutic modality [95, 122,
135]. Furthermore compared to fluorescence or biolu-
minescence, a major advantage of PET and SPECT
resides in their perceived potential for clinical use.
That being said, fluorescence-based agents have been

used for the imaging of superficial tissues like skin
and esophagus; underscoring its potential for clinical
application [136, 137].

Both PET and SPECT radionuclides are of
relatively high energy (PET: 511KeV, SPECT:
80-250MeV) and do not undergo significant tissue
attenuation. While SPECT (due to its relatively low
energy) does have some tissue attenuation, it does
not preclude its use in patients and proof of that is its
extensive clinical use.

These imaging modalities present a number of
issues that need to be considered from the opera-
tional standpoint. On one side, PET has significant
flexibility for the production of specific probes for the
detection of different processes in the living subject
(almost any compound can be labeled with a radionu-
clide), which is a significant advantage as it allows the
researcher to first identify the molecule that needs
to be studied, and then design a specific probe that
will target that molecule. However, the production of
PET probes is complex, needs advanced chemistry
and very tight quality control. In addition, depending
on the half-life of the radioisotope used, it requires an
on-site (or at least near-by) cyclotron, that limits this
strategy to medium to large research centers. From
the imaging standpoint, all electron-positron annihi-
lations (whether is from 18R 64Cyor ! lC) result in the
production of photons of 511KeV, and as such we can-
not detect differences in registered signals. SPECT,
on the other hand, can detect simultaneous signals of
different energies (by varying the detection windows,
as it is routinely done with the perfusion agents 2°!T1
and %Tc). At the same time, tracer labeling is less
complex (compared to PET) and, for the most part,
can be done in a radionuclide pharmacy. However, the
spatial resolution of SPECT is less than that of PET,
and this variable may be of importance when we try to
spatially localize relatively low number of cells. From
the tracer perspective, SPECT labeling can be some-
what limited by its chemistry, with the result that not
every compound can be easily labeled, thus providing
less labeling flexibility compared to PET. In practical
terms, if the compound of interest can be labeled with
SPECT and answers the research questions posed
by the investigator, its production and availability is
more accessible to many academic and research cen-
ters. The other issue to be considered is the immuno-
genicity of these genes as they are derived from non-
human protein and once they translated in genetically
engineered therapeutic cells, there peptides are dis-
played on the cell surface, recognized by CD8+ cells,
which attack and may kill the therapeutic cells [138].
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Fig. 6. Triple fusion reporter gene. The design of the triple fusion reporter gene is depicted in panel A. The promoter Ubiquitin drives
the expression of the fusion protein. fluc: Firefly luciferase (bioluminescence), mrfp: Red fluorescent protein (fluorescence), ttk: thymidine
kinase (PET). The fluorescent protein (panel B) is use for fluorescent activated still sorting (FACS) ex vivo, while it can also be used for
histology ex-vivo. In this study, stem cells carrying the triple fusion reported gene were delivered to the myocardium of rodents and imaged
with the bioluminescence portion of the reporter gene with high sensitivity (panel C) while the positron emission tomography imaging
capabilities of the reported gene is critical for clinical translation (panel D). Reprinted from Ray P, et al. Construction and Validation of
Improved Triple Fusion Reporter Gene Vectors for Molecular Imaging of Living Subjects. Cancer Research 2007 Apr 1;67(7):3085-93 with

permission.

In an effort to combine the benefits of the different
imaging modalities (fluorescence, bioluminescence
and positron emission tomography), the Gambbhir’s
laboratory and other groups have created a triple
fusion reporter gene that has a fluorescent reporter
gene, a bioluminescent reporter gene, and a PET
reporter gene and that results in a fusion protein
(Fig. 6) [139, 140]. For example, Cao et al. have
transduced mouse embryonic stem cells, using the
fluorescent protein (red fluorescent protein, mRFP)
to identify the cells that have been effectively trans-
duced with the fusion protein (using fluorescent
activated cell sorting), and then transplanted those
cells to the myocardium [95, 96]. Subsequently, the
bioluminescent (firefly luciferase, Fluc) and PET
reporter genes (herpes simplex virus enzyme thymi-
dine kinase, HSV 1-tk) were used for long-term mon-
itoring of cell viability after transplantation [95, 96].

Magnetic resonance reporter genes

Over the last few years, significant efforts have
been devoted to combined these modalities (MRI and
reporter gene technology) with the goal of developing
MR reporter genes (Fig. 4D) [141, 142].

MRI-based reporter genes efforts are based on the
production of proteins, mostly intracellular metallo-
proteins (transferrin, ferritin, tyrosinase) [142]. As
previously described, iron is a paramagnetic sub-
stance that induces changes in relaxivity (i.e., T2*
effect) that can be detected using specific imaging
sequences. Physiologically, iron enters cells through
the transferrin receptor (TfR) that binds the transfer-
rin protein containing two iron atoms and internalizes
iron molecules. So the goal of this strategy is
to express transferring, that will accumulate large
quantities of iron intracellularly for non-invasive
detection.

A reporter gene strategy targeted to express Ferritin
has also been used for MR-based detection. Ferritin
is a metalloprotein that functions as the body’s iron
depot and can contain up to 4000 iron atoms. Native
ferritin is in essence an anti-magnetic particle, but
several orders of magnitude weaker than SPIOs. Con-
siderable efforts are being devoted to improve its
relaxivity by removing its native core (oxyhydroxide)
and reconstituting the protein shell with a superpara-
magnetic core. In another study Naumova et al. used
mouse skeletal myoblast that were engineered to over
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express ferritin and transplanted them into infarcted
hearts of the mice, not only the ferritin over expres-
sion did not interfere with cell biology and viability
but also induced significant T2 relaxation that even
after 3 weeks they were able to detect graft in the
infarcted heart as an area of hypo intensity [143].

Tyrosinase has also been used as a MR reporter
gene [144]. Briefly, tyrosinase participates in the pro-
duction of melanin, and melanin has high affinity for
iron, leading to increased relaxivity. Tyrosinase has
been transfected to fibroblasts and embryomal kidney
cells as well as breast cancer cells which resulted in
increased signals. However, there is concern regard-
ing potential toxicity of iron. Melanin production
produces reactive oxygen species (an important and
deleterious component of the oxidative stress cas-
cade) and thus can exhibit significant toxic effects.

There are a few drawbacks in the use of metal-
loproteins as MR reporter genes that also deserve
consideration [142]. First, the signal is dependent
on the accumulation of iron inside the cells and
for how long iron particles can be retained inside
cells, what may result in toxicity to the cell. Sec-
ond, when cells divide the signal gets diluted and the
“clock” starts again, as cells need to start again to
accumulate enough iron for MRI detection, making
it difficult to interpret correlation between detected
signal and viability of transplanted cells. From the
imaging standpoint, the relaxation is dynamic and
dependent on the iron loading conditions. R2 relax-
ivity is high at low iron doses, it decreases at
intermediate iron loading conditions and when iron
conditions are high, T2 relaxation remains constant,
which may preclude accurate quantification of the
obtained signal. As previously described for direct
cell labeling, MR signal works on the basis of accu-
mulation of iron. Similar to what happens with SPIOs,
when cells die the accumulated iron continues to be
present inside the cells for some time (until cells
are dissolved or phagocytosed by macrophages).
The remaining iron continues to induce a change
in MR relaxivity (even if cells are not alive), and
thus the signal is not representative nor linear of cell
viability [55].

Translation to clinical applications

Over the last few years, the majority of our
understanding of stem cells comes from studies in
small animals. However, before these therapies are
routinely applied clinically, there are a number of
questions that need to be answered, such as dose,
timing of delivery, homing, etc. For most of these
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Fig. 7. PET-CT imaging of intramyocardial reporter gene expres-
sion in swine. (a) Transverse nonenhanced PET-CT fusion image
reconstructed at the level of the left ventricle (LV) after direct
open-chest administration of transduced human MSCs. The image
was acquired 4 hours after intravenous FHBG administration. A
distinct imaging signal (small arrows) can be delineated at the
intramyocardial injection site of human MSCs. Note postopera-
tive soft-tissue edema, emphysema, and fluid collection in the left
chest wall (large arrows). T=beveled part of chest tube. Reprinted
from Willmann J, et al. Imaging Gene Expression in Human Mes-
enchymal Stem Cells: From Small to Large Animals. Radiology
2009 Jul;252(1):117-27 with permission.

answers to truly address the clinical dilemma, they
need to be answered either in a large animal model
or directly in the patient. The ability to directly mon-
itor and assess cell-based therapies in patients will
be invaluable as it will allow us for the first time
to investigate these therapies directly in the living
subject to which they were intended to. In many
pathophysiological states, large animal models have
been shown to be similar to human in what respects to
disease progression [145]. These similarities have led
researchers to use large animal models for diagnosis
of disease as well as evaluation of different therapies.

In addition, many large animals have comparable
weight, size, and anatomy to humans. These similar-
ities also allow a better optimization of the different
imaging strategies prior to clinical applications. In
diseases where the use of large animal models is not
relevant or feasible, the translation from small animal
models to humans may be more difficult.

Recently, a number of research groups have used
the swine model for imaging of reporter genes in
the myocardium [146—148], showing the feasibility
of applying these imaging strategies for gene moni-
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Fig. 8. Human stem cell imaging. MRI and PET over MRI superimposed brain images of the patient who had been infused autologous
cytolytic T cells expressing IL13 zetakine and HSV1-tk genes. Images were acquired approximately two hours after '®F-FHBG injection.
The patient had a surgically resected tumor (1) in the left corner and a new non-resected tumor in the center (2), near corpus callosum
of his brain. The infused cells had localized at the site of tumor 1 and also trafficked to tumor 2. '8F-FHBG activity is higher than the
brain background at both sites. Background '8 F-FHBG activity is low within the Central Nervous System due to its inability to cross the
blood brain barrier. Background activity is relatively higher in all other tissues. Activity can also be observed in the meninges. The tumor
1/meninges and tumor 2/meninges '8F-FHBG activity ratio in this patient was 1.75 and 1.57, respectively. Whereas the average resected
tumor site/meninges and intact tumor site to meninges '¥F-FHBG activity ratio in control patients was 0.86 and 0.44, respectively. Reprinted
from Yaghoubi S, et al. Noninvasive Detection of Therapeutic Cytolytic T Cells with 18F-FHBG PET in a Patient with Glioma. Nat Clin

Pract Oncol 2009 Jan;6(1):53-8 with permission.

toring in large animals. A similar strategy has been
used for the imaging of stem cells (previously labeled
to carry the reporter gene) in a large animal model
(Fig. 7) [149] and humans (Fig. 8) [150]. However, it
is important to realize that when cells are exogenously
delivered to a host, a myriad of mechanisms may play
a role in the survival of the transplanted stem cells:
a relatively hypoxic scenario, lack of constant and
efficient cell-cell contact with the microenvironment
and activated immune response. In addition to the bio-
logical variables already mentioned, imaging of large
animals (similar to clinical imaging) has a few techni-
cal aspects that need to be kept in mind. On one side,
the sensitivity of clinical systems is lower than that of
dedicated small animal imaging systems, which make
imaging and signal quantitation more challenging.
In addition and depending on the imaging modal-
ity used, the amount of the reporter gene/cell system
to be delivered may need to be adjusted depending
on the weight and other characteristic of the subject
under study.

Clinical application
Direct labeling has already been achieved and
tested in a clinical population [151-153] with vary-

ing success, not due to the safety of the methodology
per se but rather due to the limitations of the direct
labeling approach mentioned above. In other words,
it has been very successful when used to identify
where cells have been delivered, but not for long-term
tracking. As examples, Kang et al. used '8F-FDG to
label stem cells prior to transplantation [22], while
other groups have used ''!In [154, 155]. An example
of MRI based imaging is the use of iron oxide for
tracking of stem cells [153].

The application of reporter gene imaging to
humans has several issues to be considered from
the regulatory perspective. Initially, reporter gene
approaches include the stable expression on the
DNA cell using random integration, potentially lead-
ing to non-desired effects. However, development
in genome editing with site-specific integration of
DNA have made significant improvements in that
respect [156—158], minimizing if not eliminating the
above-mentioned concern. From the perspective of
the reporter probes that are needed, different groups
have been able to produce it in the FDA approved
manner. In short, while it is feasible it requires very
close collaboration among research groups and reg-
ulatory agencies.
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Fig. 9. Summary of the different imaging strategies that can be used to assess the delivery, short- and long-term monitoring of stem cell
viability and biology. MRI: magnetic resonance imaging, SPECT: single photon emission computed tomography, PET: positron emission
tomography, RFP: red fluorescent protein, GFP: green fluorescence protein, Fluc: firefly luciferase, Rluc: renilla luciferase, NIS: sodium
iodine symporter, HSV1-tk: herpes simplex virus type 1 thymidine kinase, DoR: dopamine receptor type 2, CD: cytosine deaminase.

How to decide which modality to use

The ideal imaging modality is one that has excel-
lent spatial resolution and molecular sensitivity, can
guide the delivery of cells, and can serially fol-
low stem cells and their fate. Currently, no such
imaging modality exists. Each imaging modality
should be chosen depending on the question that
is being asked (Fig. 9, Table 1). If the objective
of the study is to image the delivery and short-
term homing of stem cells in different organs, a
direct labeling approach may answer the posed ques-
tion, taking into consideration the potential toxicity
that they may have. Magnetic resonance imaging
provides the highest spatial resolution and almost
real-time image-guidance for cell delivery, albeit
with significantly lower molecular sensitivity com-
pared to other modalities like PET, SPECT or optical
imaging. Radionuclide imaging modalities (PET,
SPECT) have been successfully and extensively used,
although depending on the application they may not
provide sufficient spatial resolution. Another research
objective may be the long-term monitoring of stem

cells viability. The drawbacks of a direct labeling
strategy for stem cell monitoring have been previ-
ously described. On the other hand, reporter gene
imaging appears more suited for the long-term mon-
itoring of stem cells, and can be achieved using
optical imaging (bioluminescence, fluorescence) or
PET/SPECT imaging. While optical imaging is more
molecularly sensitive, it provides lesser anatomical
localization, and is limited mainly to small animals.
On the other hand, PET or SPECT provide good sen-
sitivity with the major advantage of good anatomical
localization and potential translation to human appli-
cations.

Similarly, when the goal is to study the biology
of these cells and whether they do or do not express
certain gene(s) or do or do not come in contact with
the environment, the imaging strategy to be used has
to be one that will only emit signal or even ceases
to, when the biological action being studied is tak-
ing place (e.g., differentiation of a stem cell into an
adult cell) and a specific pathways is being activated.
At the present time, reporter gene imaging appears



F. Abbas et al. / Molecular Imaging of Stem Cells 41

Table 1
Comparison of the spatial resolution and molecular sensitivity of
the different imaging modalities discussed

Monitoring Spatial Cell Detection
Strategy Resolution Sensitivity
Direct Labeling
Fluorescence 2+ 3+
PET/SPECT 3+ 3+
MRI 4+ 3+
Indirect labeling (reporter genes)
Optical-Fluorescence 2+ 3+
Optical-BLI 2+ 4+
PET 3+ 3+
SPECT 3+ 3+
MRI 4+ Unknown

Scale is semi-quantitative: 1+ to 4+ (from least to best spatial
resolution/cell detection sensitivity). MRI: magnetic resonance
imaging, BLI: bioluminescence imaging, PET: positron emission
tomography, SPECT: single photon emission computed tomogra-
phy. Note these are just qualitative indices and other factors such
as depth of signal in optical imaging, pre-loading of cells with
imaging agent(s), and exact imaging instrument being used can
markedly influence the imaging results.

to provide the best tool to address these questions.
For example, if one wants to study whether a stem
cell has differentiated into an adult myocyte, use of
a reporter gene that is driven by a promoter that will
only be activated when the cell has the features of
an adult myocyte (i.e., expresses the sarcomeric pro-
tein Troponin T) can provide that information. Again,
the imaging modality to be used (PET vs SPECT
vs. optical) should be decided based on the variables
previously mentioned.

Summary

Over the last 2 decades, we have seen a revolu-
tion in non-invasive stem cell imaging in the living
subject. The uncertain results of different trials (espe-
cially in the cardiovascular field) highlight even more
the importance of using tools like the ones described.
In this review, we have outlined some of the most
important characteristics of direct- and indirect- cell
labeling focusing on reporter gene technology, which
will likely be the preferred methodology for long-
term monitoring of stem cell biology. It is likely that
not one technique will answer all the questions; but
use of a multimodality approach will be the more
appropriate approach to address the myriad of aspects
posed in this exciting and rapidly evolving field.
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