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Abstract: Successful reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) ushered in a new era
of regenerative medicine. Human iPSCs provide powerful new approaches for disease modeling, drug testing, devel-
opmental studies, and therapeutic applications. Investigating iPSC behavior in vivo and the ultimate feasibility of cell
transplantation therapy necessitates the development of novel imaging techniques to longitudinally monitor iPSC
localization, proliferation, integration, and differentiation in living subjects. At this five year mark of initial iPSC discov-
ery, we review the current status of imaging iPSCs which ranges from in vitro studies, where imaging was used to
study the processes/mechanisms of cellular reprogramming, to in vivo imaging of the survival of transplanted cells.
To date, most imaging studies of iPSCs have been based on optical techniques, which include fluorescence and bio-
luminescence imaging. Since each imaging technique has its advantages and limitations, a combination of multiple
imaging modalities may provide complementary information. The ideal imaging approach for tracking iPSCs or their
derivatives in patients requires the imaging tag to be non-toxic, biocompatible, and highly specific to reduce perturba-
tion of these cells. In few other scenarios can “personalized medicine” be better illustrated than the use of individual
patient-specific iPSCs. Much future effort will be required before this can become a reality and clinical routine, where
imaging will play an indispensible role in many facets of iPSC-based research and therapies.
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Introduction

In 2006, the pioneering report on the repro-
gramming of mouse somatic cells into induced
pluripotent stem cells (iPSCs) opened new hori-
zons for regenerative medicine [1]. It was dem-
onstrated that iPSCs can be reprogrammed
from mouse fibroblasts by introducing two tran-
scription factors (i.e. Oct4 and Sox2) and two
proto-oncogenes (i.e. c-Myc and KIf4). One year
later, human iPSCs were also generated inde-
pendently by two groups, one from Japan [2]
and the other from the United States [3]. Subse-
quently, a wide variety of new methods have
been used to generate iPSCs [4].

Human iPSCs create fascinating options with
regard to disease modeling, drug testing, devel-
opmental studies, and therapeutic applications.

However, many obstacles have to be overcome
and more efficient protocols need to be estab-
lished before iPSCs can enter clinical investiga-
tion. For example, c-Myc is an oncogene and its
reactivation may give rise to tumor formation
[5]. Therefore, human and murine iPSCs have
been established from fibroblasts with only
Oct4, Sox2, and KIf4 [6]. However, the effi-
ciency is significantly lower than when c-Myc
was used. Another major concern is that most
early reports of direct reprogramming were
achieved by forced expression of defined fac-
tors using multiple viral vectors [1-3], which
could cause unpredictable genetic dysfunction
by viral vector integrations as well as persistent
transgene expression. To generate iPSCs free of
integrated transgenes, new approaches have
been investigated to introduce reprogramming
factors using non-viral transfection of a single
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multiprotein expression vector [7], a piggyBac
transposon/transposase system [8], viral vec-
tors that do not integrate into the host genome
[9], DNA vectors [10-11], small molecules [12],
direct protein delivery [13], among others.

The biggest concern in the clinical implementa-
tion of iPSC transplantation therapy, similar to
that based on human embryonic stem cells
(ESCs), is the possibility of teratoma formation
[14-15]. To better understand the in vivo behav-
ior and true therapeutic power of iPSCs and/or
iPSC-derived cells, an accurate and sensitive
tool for monitoring these cells is needed. Inves-
tigating iPSC behavior in vivo and the ultimate
feasibility of cell transplantation therapy neces-
sitates the development of novel imaging tech-
niques to longitudinally monitor iPSC localiza-
tion, proliferation, integration, and differentia-
tion in living subjects [16]. In addition, imaging
techniques can be powerful tools for under-
standing the fundamental biology of iPSCs [17].

Strategies for imaging/tracking of cells

In general, there are two approaches for cell
tracking: direct and indirect cell labeling [18].
Although the cell types can vary which include
iPSCs, ESCs, immune cells, and cancer cells,
the labeling strategies are essentially the same
(Figure 1) [14, 19]. Direct labeling of cells with
image tags (e.g. magnetic nanoparticles, fluo-
rescent dyes, 11In-oxine, etc.) is relatively easy,
inexpensive, and well-established. In most
cases, the safety profiles of direct cell labeling
are quite acceptable. However, the disadvan-
tage of these techniques is that the label itself
is detected rather than the live cells of interest.
The labels may leak out of the cells when the
cells are alive or be taken up by other cells
when the labeled cells die. Therefore, care must
be taken when interpreting the experimental
results and rigorous validation is certainly
needed to obtain more robust and reliable data.

Indirect labeling typically uses a reporter gene
approach which can allow for non-invasive visu-
alization of live cells (which have been trans-
fected with the reporter gene construct before
transplantation), after administration of a re-
porter probe that can be detected by certain
imaging techniques [20-21]. With reporter gene
techniques, only live cells are detected thus
they can provide more insights about the cell
migration, differentiation, and proliferation in
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vivo. Since it has only been less than 5 years
from the initial report of iPSCs [1], the current
focus of iPSC research is mostly on the funda-
mental biology (e.g. how to generate iPSCs with
high efficiency and good safety profile) instead
of long term tracking of the survival, engraft-
ment, proliferation, differentiation, and function
of iPSCs after transplantation into animal mod-
els. In this review, we will summarize the cur-
rent status on the imaging of iPSCs, which will
provide guidance for future research endeavor
in this extremely dynamic area.

To date, most imaging studies of iPSCs have
been based on optical techniques, which in-
clude fluorescence and bioluminescence imag-
ing (BLI). Optical imaging is less expensive and
more convenient than other imaging modalities
such as magnetic resonance imaging (MRI) and
positron emission tomography (PET) [22-23].
Therefore, it can serve as an attractive alterna-
tive in preclinical imaging studies since light
penetration in small animals is less of a concern
than in humans. In small animal models, optical
imaging (including BLI and fluorescence) is able
to longitudinally detect transplanted cells sensi-
tively and reliably which has significantly facili-
tated the understanding of the spatial-temporal
kinetics of stem cell engraftment, proliferation,
and teratoma formation in living subjects [24-
25]. Generally speaking, fluorescence imaging
is more useful in tagging individual cells or
evaluation of the transfection efficiency in the
cell population. On the other hand, BLI is very
sensitive since it has virtually non-existent back-
ground signal, which is a major limitation of
fluorescence imaging even in the near-infrared
(700-900 nm) range [26-27].

Imaging iPSCs with fluorescence

IPSCs were generated using a lentivirus repro-
gramming system, where the four defined fac-
tors (i.e. KIf4, Oct4, Sox2, and c-Myc, termed
“KOSM”) were fused in-frame into a single open
reading frame via self-cleaving 2A sequences
[28]. A green fluorescent protein (GFP) marker
was placed downstream of KOSM to track its
expression in the resulting iPSCs. Generation of
iPSCs was achieved quite efficiently, which ex-
hibited normal karyotypes similar to mouse
ESCs in terms of both morphology and gene
expression. When these GFP-labeled iPSCs were
injected into blastocysts, it was found that do-
nor iPSCs contributed significantly to the devel-
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Figure 1. Many imaging labels and techniques can be used to label stem cells and track them in vivo. Some involve
direct labeling of the cells while others require genetic modification of the cells.

opment of chimeric embryos (Figure 2), which is
the gold standard for pluripotency [5]. Detailed
examination of the chimeric embryos revealed
that GFP expression was evident in the brain
and liver, as well as many other tissues, sug-
gesting that the iPSCs generated by expression
of the KOSM fusion gene possess full capacity
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to differentiate into the three embryonic germ
layers in vivo.

Through serial live imaging of human fibroblasts
undergoing reprogramming, distinct colonies
that resemble ESCs morphologically yet differ in
molecular phenotype and differentiation poten-
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Figure 2. Imaging iPSCs with GFP. A. A lentiviral vector which includes the four defined transcription factors and GFP,
separated by an internal ribosome entry site (IRES) sequence. B. Tracking transgene expression with GFP during re-
programming. C. Significant contribution of iPSCs in a chimeric embryo, where GFP expression from donor iPSCs is
evident. D. Sections of a chimeric embryo showed contribution of iPSCs to the brain and liver. Adapted from [28].

tial were identified [29]. The four standard tran-
scription factors were introduced into fibro-
blasts with retroviruses carrying the GFP gene,
which was used to monitor proviral silencing.
Since FACS analysis disrupts individual colonies
which precludes precise lineage tracing, serial
live cell imaging of emerging colonies was car-
ried out after staining in situ with antibodies
against a number of pluripotency markers such
as SSEA-4, TRA-1-60, CD13, NANOG, etc. The
same area of cells underwent reprogramming
was scanned by automated fluorescence mi-
croscopy and images were reviewed retrospec-
tively for regions where colonies of bona fide
human iPSCs had formed. It was determined
that only one colony type represents iPSCs,
whereas the others represent reprogramming
intermediates.

Since the majority of reprogrammed cells do not
become pluripotent [30-31], studying induced
pluripotency based on average measurements
across a large population of cells is inadequate.
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Therefore, high-resolution time-lapse imaging
was employed to trace the reprogramming proc-
ess from single mouse embryonic fibroblasts
(MEFs) to pluripotency factor-positive colonies
[32]. Continuous single-cell imaging of GFP- or
yellow fluorescent protein (YFP)-labeled MEFs
was achieved. Retrospective analysis revealed
that successfully reprogrammed cells under-
went a rapid shift in their proliferative rate that
coincided with a reduction in cellular area,
which occurred as early as the first cell division
and exhibited similar kinetics in all cells that
formed iPSC colonies, suggesting that the repro-
gramming process likely follows defined rather
than stochastic steps. In a recent report, fluo-
rescence microscopy with long-term single cell
tracking was also employed to analyze the
emergence and composition of early iPSC clus-
ters [33]. Using engineered lentiviral vectors,
where codon-optimized reprogramming factors
are co-expressed by a strong retroviral promoter
that is rapidly silenced in iPSCs, it was demon-
strated that vector silencing typically occurs
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prior to or simultaneously with the induction of
Oct4. Tracking of single cell-derived iPSC colo-
nies supported the concept that stochastic epi-
genetic changes are necessary for reprogram-
ming.

Recently, a microRNA-regulated lentiviral sys-
tem was used to visualize and segregate differ-
entiating neuronal cells in pluripotent cultures
[34]. Efficient suppression of transgene expres-
sion in undifferentiated pluripotent cells was
monitored with a GFP-expressing lentiviral vec-
tor regulated by microRNA-292, which is highly
expressed in murine ESCs but not in murine
neural stem cells (NSCs) [35]. With this strat-
egy, progenies from murine/human ESCs and
iPSCs were successfully tracked as they differ-
entiated toward the neural lineage [34]. Further-
more, the presence of GFP also enabled purifi-
cation of neuronal progenitors with FACS for
molecular analysis and transplantation, which
reduced tumor formation and increased survival
of ESC-derived neuronal progenitors after trans-

22

Thrombus Formation  Figure 3. Human iPSC-

derived platelets adhere to
blood vessels during throm-
bus formation in vivo after
intravenous injection. Left:
normal vessels. Right: Repre-
sentative sequential images
of thrombus formation by
human iPSC-derived platelets
in a blood vessel. Red arrows
indicate human iPSC-derived
platelets and white arrows
indicate host mouse plate-
lets. Green: FITC-dextran;
Red: fluorescent dye-labeled
human iPSC-derived plate-
lets. Adapted from [37].

plantation. This study sug-
gested that the microRNA-
292 system may be
broadly applicable to dif-
ferent pluripotent cell
lines of both human and
murine origin.

Although human iPSCs
10 um can potentially be an
abundant source of blood
cells, how to select the
best iPSC clones from the
large cohort that can be simultaneously estab-
lished from an identical source is not clear [36].
In one study, it was shown that c-Myc reactiva-
tion after reprogramming could affect platelet
generation from human iPSCs [37]. During dif-
ferentiation, reduction of c-Myc expression after
its initial reactivation in selected human iPSC
clones was associated with more efficient gen-
eration of CD41a*CD42b+ platelets. In addition,
intravital imaging was performed to visually in-
vestigate the function of iPSC-derived platelets
during normal circulation and thrombus forma-
tion in the mesentery of living mice. FITC-
dextran was intravenously injected to delineate
blood vessels, which enabled the visualization
of host blood cell dynamics, while human iPSC-
derived platelets were labeled with a rhodamine
-based dye before injection. It was found that
these platelets were present in thrombi after
laser-induced vessel wall injury, indicating that
human iPSC-derived platelets are capable of
mediating hemostasis and thrombosis in vivo
(Figure 3).
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Imaging iPSCs with bioluminescence

During ontogenesis, the molecular oscillations
underlying the generation of circadian rhythmic-
ity gradually evolve in mammals [38]. However,
the developmental process of mammalian cellu-
lar circadian oscillator formation remains un-
known. In one study, BLI was employed to moni-
tor the clock gene expression [39].The circadian
bioluminescence rhythm was detected in differ-
entiated cells but not in murine ESCs or iPSCs,
suggesting that an intrinsic program controls
the formation of the circadian oscillator during
the differentiation process. This study may shed
new light on the future design of new strategies
to understand the key mechanisms responsible
for the organization of the molecular oscillator
in mammals.

Similar to ESCs, iPSCs are attractive sources for
tissue regeneration and transplantation thera-
pies because they can differentiate into virtually
any cell types in the adult body [40-41]. How-
ever, a major obstacle facing the engraftment of
ESCs or iPSCs is transplant rejection by the im-
mune system. Recently, it was demonstrated
that immunosuppressive therapy can promote
engraftment of a variety of pluripotent cell
types, including iPSCs [42]. For long term in vivo
tacking, both murine and human iPSCs were
transduced with a Fluc-GFP (where Fluc denotes
firefly luciferase) double-fusion construct by
lentiviral techniques. After injection of iPSCs
into the gastrocnemius muscle of recipient
mice, survival of the transplanted cells was lon-
gitudinally monitored via BLI, upon intraperito-
neal injection of D-luciferin.

Survival of human iPSCs in immunocompetent
mice was significantly lower than mice treated
with three costimulatory receptor-blocking
agents: cytotoxic T-lymphocyte-associated anti-
gen 4-Ig, anti-CD40 ligand, and anti-lymphocyte
function-associated antigen 1 [42]. The BLI sig-
nal dropped to background levels in untreated
animals within 7 days after transplantation,
whereas engraftment with steadily increasing
BLI signal and teratoma formation were ob-
served in costimulatory blockade-treated ani-
mals (Figure 4). Since iPSC-based therapy will
likely utilize a differentiated rather than undif-
ferentiated cell population, mouse iPSC-derived
NSCs were generated and their survival was
also investigated in untreated and costimulatory
blockade-treated allogeneic recipients. Similar
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to iPSCs, survival of iPSC-derived NSCs was sig-
nificantly limited in untreated compared to
costimulatory blockade-treated mice. Taken
together, this study demonstrated that a short
course of costimulatory blockade treatment is
sufficient to induce engraftment of iPSCs as
well as their differentiated derivates. It was sug-
gested that costimulatory blockade permits
transplanted cell engraftment by decreasing the
expression of pro-inflammatory cytokines and
polarization of naive T cells toward a type | phe-
notype, increasing the establishment of a pro-
apoptotic phenotype, and inducing clonal an-
ergy.

Dual-modality imaging of iPSCs

Each imaging technique has its advantages and
limitations. Combination of multiple imaging
modalities may provide complementary informa-
tion than a single modality alone [43-44]. Re-
cently, various transcription factor genes and
packaging plasmids were co-transfected into
different cells using dendrimer-modified mag-
netic nanoparticles (AMNPs) as the delivery sys-
tem [45]. It was found that dMNPs could effi-
ciently deliver all vectors into certain cells. Spe-
cific surface markers of ESCs such as SSEA-3/4
and Tra-1-60/81 were positive in the resulting
iPSCs, which formed terotomas when implanted
into immunodeficient mice. The prepared iPSCs
were subsequently labeled with fluorescent
magnetic nanoparticles (FMNPs), where the
fluorescence signal of labeled iPSCs was exam-
ined under microscopy while the magnetic prop-
erty enabled detection by MRI. Such dual-
modality labeling of iPSCs laid the foundation
for isolating, in vivo imaging, and tracking of
iPSCs in the future.

Conclusion and future perspectives

Each imaging modality has its advantages and
disadvantages in terms of sensitivity, tissue
penetration, spatial resolution, and clinical po-
tential [22]. Optical imaging is mostly applicable
to preclinical studies where light penetration is
less of an issue than in patients. BLI cannot be
used in human studies while tracking of labeled
cells with MRI and/or PET may potentially be
performed in patients. Combination of various
imaging modalities can give complementary
information. As a matter of fact, many of the
reporter gene-based studies of pluripotent stem
cells (e.g. ESCs) incorporated multiple reporter

Am J Nucl Med Mol Imaging 2011;1(1):18-28
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Figure 4. Short-term immunosuppression promotes engraftment of iPSCs and iPSC-derived cells. A. Serial biolumines-
cence images representing the survival of human iPSCs transplanted into the gastrocnemius muscle of immunodefi-
cient (i.e. NOD/SCID) and immunocompetent (i.e. BALB/c) mice receiving costimulatory blockade (COSTIM) or no
treatment. B. Serial bioluminescence images of murine iPSC derived neural stem cells (miPSC-NSCs) transplanted
into the subcortical area of the brain in immunodeficient and immunocompetent mice. Adapted from [42].

genes [24]. For example, fluorescent genes (e.g.
GFP) can facilitate cell sorting, BLI (with
luciferases) can enable in vivo long term moni-
toring of these cells in a quantitative manner in
small animal models, and PET can allow for
more clinically relevant, highly sensitive detec-
tion of the injected cells and/or the daughter
cells. Future development and validation of vari-
ous iPSC labeling/tracking techniques will fur-
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ther strengthen the arsenal for iPSC-based ther-
apy of various diseases.

Safety of cell labeling is always a major concern
in clinical studies since introduction of foreign
substances (e.g. image labels or genes) may
cause unpredictable alterations in cells. Based
on the available literature data, labeling of stem
cells with magnetic nanoparticles appears to be
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Figure 5. Bioluminescence imaging (BLI) and positron emission tomography of human ESC-derived teratoma. The
photograph and BLI shows teratoma formation by human ESCs at the right flank and tumor formation by a control cell
line at the left flank of mice. Specific and prominent uptake of 64Cu-DOTA-RGD4 was observed in the teratoma (high
integrin owPs expression) but not in the control tumor (low integrin owPs expression). In contrast, the teratoma had

significantly lower uptake of 18F-FDG and 18F-FLT than the control tumor. Adapted from [51].

safe and is in active clinical development [46-
47]. For indirect cell labeling, one of the most
intensively studied reporter genes, HSV1-tk, is
also a suicide gene which adds an extra layer of
control to ensure safety [48]. The ideal imaging
approach for tracking iPSCs or their derivatives
in patients requires the imaging tag(s) to be non
-toxic, biocompatible, and highly specific to re-
duce perturbation to these cells. Much future
effort will be required before this can become a
reality and clinical routine.

IPSC-based therapy has tremendous therapeu-
tic potential. However, numerous questions still
remain unanswered. Non-invasive imaging tech-
niques have proven to be of great value in pre-
clinical and clinical studies for tracking trans-
planted stem cells, and will continue to guide
the development of future cell-based therapies.
With non-invasive imaging techniques, we will
eventually be able to determine which cell type
is preferable for a given disease (e.g. which cell
types to use for iPSC generation and which cell
types to transplant) as well as choose the right
delivery methods of the cells (e.g. intravenous,
intracoronary, or local injection). Detection and
correction of iPSC misbehavior (e.g. teratoma
formation) is also an important task for imaging.
For example, studies have shown that two of
the most widely used PET tracers in the clinic, 2-
deoxy-2-18F-fluoro-D-glucose  (18F-FDG, which
images glucose metabolism [49]) and 3'-deoxy-
3'-18F-fluorothymidine (18F-FLT, which detects
cell proliferation [50]), failed to detect human
ESC-derived teratomas since the growth rate of
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teratomas is quite slow [51]. However, another
tracer, 64Cu-DOTA-RGD4 which binds to integrin
ovfs [52-53], enabled non-invasive visualization
of the teratomas with PET (Figure 5). This and
other studies suggested that imaging integrin
ovfs expression, instead of imaging the meta-
bolic activity and/or cellular proliferation, may
have potential clinical applicability in monitoring
the tumorigenicity after stem cell transplanta-
tion [51, 54].

The requirement for iPSC tracking techniques
depends on the clinical scenario. In some
cases, only short term tracking is needed while
in other cases, long term survival and prolifera-
tion would also need to be monitored. For exam-
ple, transplantation of iPSCs or their derivatives
in heart diseases needs to be targeted to the
ischemic but not viable myocardium, if the ther-
apy is aimed at improving vascularization. Effec-
tive treatment of many diseases may benefit
from repeat dosing, where non-invasive imaging
can inform clinical decisions regarding the need
for repeat dosing and direct where repeat doses
are needed. MRI, radionuclide-based imaging
techniques, and reporter gene-based ap-
proaches will each have their own niches in im-
aging of iPSCs. Rather than identifying and opti-
mizing one technique applicable for all clinical
scenarios, it is probably more appropriate to
optimize how a certain imaging technique/
modality can be best used to serve the purpose
in a specific situation. The continued evolve-
ment of non-invasive imaging techniques will
undoubtedly contribute to significant advances

Am J Nucl Med Mol Imaging 2011;1(1):18-28
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in understanding iPSC biology and mechanisms
of action. The various imaging modalities, com-
plementary rather than competitive, have the
same ultimate goal: personalized medicine for
patients. In few other scenarios can such
“personalized medicine” be better illustrated
than the use of patient-specific iPSCs.
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