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Abstract
Cell-based therapy holds great promise for cancer treatment. The ability to non-invasively track
the delivery of various therapeutic cells (e.g. T cells and stem cells) to the tumor site, and/or
subsequent differentiation/proliferation of these cells, would allow better understanding of the
mechanisms of cancer development and intervention. This brief review will summarize the various
methods for non-invasive cell tracking in cancer and cancer therapy. In general, there are two
approaches for cell tracking: direct (cells are labeled with certain tags that can be detected directly
with suitable imaging equipment) and indirect cell labeling (which typically uses a reporter gene
approach). The techniques for tracking various cell types (e.g. immune cells, stem cells, and
cancer cells) in cancer are described, which include fluorescence, bioluminescence, positron
emission tomography (PET), single-photon emission computed tomography (SPECT), and
magnetic resonance imaging (MRI). Non-invasive tracking of immune and stem cells were
primarily intended for (potential) cancer therapy applications while tracking of cancer cells could
further our understanding of cancer development and tumor metastasis. Safety is a major concern
for future clinical applications and the ideal imaging modality for tracking therapeutic cells in
cancer patients requires the imaging tags to be non-toxic, biocompatible, and highly specific. Each
imaging modality has its advantages and disadvantages and they are more complementary than
competitive. MRI, radionuclide-based imaging techniques, and reporter gene-based approaches
will each have their own niches towards the same ultimate goal: personalized medicine for cancer
patients.
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INTRODUCTION
Over the last several decades, much effort has been dedicated to the treatment of cancer and
one of the most promising approaches is targeted delivery of therapeutic agents.
Construction of delivery vehicles that can home to the tumor (targeted and/or non-targeted)
before delivering a therapeutic payload is critical for effective cancer therapy with minimal
systemic toxicity. Besides certain nanoparticles and liposomes which have been extensively
explored for cancer therapy applications [1-4], cell-based therapy also holds great promise
[5,6]. Tracking the delivery of these cells (e.g. T cells and stem cells) to the tumor site is a
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prerequisite to effective cancer therapy [7]. This brief review will summarize the various
methods for non-invasive cell tracking in cancer and cancer therapy.

Non-invasive imaging techniques are indispensable tools for such cell tracking. Molecular
imaging, as defined by the Society of Nuclear Medicine, is “the visualization,
characterization and measurement of biological processes at the molecular and cellular
levels in humans and other living systems” [8]. Molecular imaging techniques typically
include molecular magnetic resonance imaging (MRI), magnetic resonance spectroscopy
(MRS), optical bioluminescence, optical fluorescence, targeted ultrasound, single photon
emission computed tomography (SPECT), and positron emission tomography (PET) [9,10].
Continued development and wider availability of scanners dedicated to small animal
imaging studies, which can provide a similar in vivo imaging capability in mice, primates,
and human, can enable smooth transfer of knowledge and molecular measurements between
species thereby facilitating clinical translation of novel imaging agents and/or techniques.

In general, there are two approaches for cell tracking: direct and indirect cell labeling [11].
Direct labeling is relatively easy, inexpensive, and well-established, where the cells are
labeled with certain tags that can be detected directly with suitable imaging equipment.
Indirect labeling typically uses a reporter gene approach which can allow for visualization of
live cells (transfected with the reporter gene construct before injection) in vivo, after
administration of a reporter probe that can be detected by certain imaging techniques. A
broad array of image tags has been explored for cell tracking using a variety of imaging
modalities (Fig. 1). The three major cell types that have been studied for cell tracking in
cancer development and cancer therapy are immune cells, stem cells, and cancer cells.

TRACKING OF IMMUNE CELLS
Immune cells, such as T cells, natural killer (NK) cells, B cells, and dendritic cells, play
important roles in cancer immunotherapy [12,13]. Understanding the molecular basis of
immune cell trafficking and biodistribution of these immune cells is critical for developing
more efficacious strategies of cancer immunotherapy. Many early reports have investigated
the tracking of radiolabeled lymphocytes in cancer patients [14-21], most of which
used 111In-oxine as the radiolabel that has been approved by the Food and Drug
Administration (FDA). In this section, we will describe various recent approaches for
tracking these cells to the tumor sites. The cells used in these studies include T cells, NK
cells, and a number of other immune cells (e.g. various types of killer cells which can
respond to certain proteins or cells).

Tracking T Cells with Fluorescence
T cells have been extensively studied for cancer immunotherapy. Genetic modification of T
cells holds great promise in serving as a platform to detect tumor antigens, improve anti-
cancer efficacy, and neutralize the immune evasion of tumors [22]. Fluorescence imaging
techniques have been used to track T cells in several studies. For in vivo applications,
utilizing the near-infrared (NIR, 700-900 nm) window is advantageous since the absorbance
spectra for all biomolecules reach minima in this region which provides a clear window for
optical imaging [23]. The migration of T cells to tumors has been investigated with NIR
organic dyes as the fluorescent labels, such as IRDye800CW [24] and VivoTag 680 (Fig.
2A) [25]. Both dyes bear an amine-reactive N-hydroxysuccinimide group for cell labeling,
which was found to be biocompatible and suitable for monitoring cells at multiple
resolutions in real time in their native environments by NIR fluorescence imaging.
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Tracking T Cells with Bioluminescence
Although bioluminescence imaging (BLI) has been widely used for T cell trafficking in
other diseases such as inflammation [26,27], its use in monitoring T cell trafficking to
tumors has not been well studied. Due to the presumed “immune privilege” of the central
nervous system, it is commonly believed that T cells have difficulty reaching tumors located
in the brain. In one study, the biodistribution and anti-tumor activity of adoptively
transferred T cells specific for an endogenous tumor-associated antigen (gp100), expressed
by tumors implanted in the brain, was investigated [28]. BLI of luciferase expression in the
antigen-specific T cells demonstrated the accumulation of transduced T cells in the bone
marrow and the brain tumor (Fig. 2B), which suggested that peripheral tolerance to
endogenous tumor-associated antigens can be overcome to treat tumors in the brain.

Tracking T Cells with PET/SPECT
Nuclear imaging techniques (i.e. PET and SPECT) have much better clinical potential than
optical imaging in that they have superb tissue penetration capability and they are highly
quantitative [9,29]. PET/SPECT imaging has been frequently used for T cell tracking. In one
study, a 64Cu-labeled antibody was used to track transferred T cells (expressing the antigen
recognizable by the antibody) with PET in living mice [30]. It was found that not all tumor-
specific T cells localized to the tumors. Some also homed to the major lymphoid organs. In
another report, T cells were labeled with 5-124I-iodo-2′-deoxyuridine (124I-IdU) to monitor
their homing to tumors with PET imaging [31]. Significantly higher accumulation of 124I in
the targeted tumors than the control tumors was observed.

One study compared the efficiency, stability, and toxicity of radiolabeling activated
lymphocytes with three different agents: 99mTc-hexamethylpropylene amine oxime (99mTc-
HMPAO), 111In-oxine, and 18F-2-fluoro-2-deoxy-d-glucose (18F-FDG, the most widely
used PET tracer in the clinic) [32]. It was found that the mean labeling efficiencies of 111In-
oxine and 18F-FDG were higher than that of 99mTc-HMPAO. Although none of the three
agents induced any significant alteration in cell viability or immunophenotype, both 111In-
oxine and 18F-FDG induced a loss of cytotoxic activity of lymphocytes against ovarian
carcinoma cells.

Several groups have investigated the use of herpes simplex virus type 1 thymidine kinase
(HSV1-tk) gene and its mutants as a reporter gene for various biomedical applications,
including cell tracking. In addition, fusion of the HSV1-tk gene with other reporter genes
such as fluorescent proteins and/or bioluminescent enzymes can enable multimodality
imaging of the transfected cells, which provided not only a convenient way for cross-
validation but also good translational potential. In some cases, the cells could be labeled
with a PET or SPECT probe, 2′-fluoro-2′-deoxy-1-beta-D-arabinofuranosyl-5-124I-
iodouracil (124I-FIAU) and 2′-fluoro-2′-deoxy-1-beta-D-arabinofuranosyl-5-131I-iodouracil
(131I-FIAU) respectively [33], and then injected and tracked over time in live tumor-bearing
mice (Fig. 2C). In most cases, the expression of the HSV1-tk gene or its mutants in the
transfected T cells can be visualized by PET imaging after injection of a reporter probe, such
as 2′-18F-fluoro-2′-deoxy-1-beta-d-arabinofuranosyl-5-ethyluracil (18F-FEAU) [34,35] or 9-
[4-18F-fluoro-3-(hydroxymethyl)butyl]guanine (18F-FHBG) [36-40]. These cell tracking
studies revealed important insights to cancer immunotherapy. For example, one study found
that naive T cells did not localize to the tumor site, indicating that preimmunization was
required [38]. Such observation would have been extremely difficult to reach if imaging
were not used. Another study reported that the minimum detection threshold of T cells
engineered to express the HSV1-sr39tk gene was approximately 7 × 105 T cells in the spleen
and 1 × 104 T cells in the lymph nodes [37].
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One recent case report described T cell trafficking to gliomas with 18F-FHBG PET [40]. A
patient diagnosed with grade IV glioblastoma multiforme was enrolled in a trial of adoptive
cellular immunotherapy. The trial involved infusion of ex vivo expanded autologous
cytolytic CD8+ T cells (CTLs), genetically engineered to express both the interleukin 13
zetakine gene (which encodes a receptor protein that targets these CTLs to tumor cells) and
the HSV1-tk gene. Whole-body and brain PET scan with 18F-FHBG was able to non-
invasively detect the CTLs that express HSV1-tk (Fig. 2D). This report represents a key step
toward the potential use of reporter gene techniques in clinical patient management, in
particular cancer immunotherapy.

Tracking T Cells with MRI
MRI, with exquisite soft tissue contrast, is another widely used imaging modality for cell
tracking in vivo [41]. In one early study, a highly derivatized cross-linked iron oxide (CLIO)
nanoparticle was used to label CDLs for in vivo tracking of the injected cells at near single-
cell resolution with MRI [42]. In a melanoma model, MRI demonstrated the extensive three-
dimensional spatial heterogeneity of antigen-specific T-cell recruitment to the tumors, as
well as a temporal regulation of T-cell recruitment within the tumor (Fig. 2E). It was
suggested that serial administrations of CDLs appeared to home to different intratumoral
locations, which may provide a more effective treatment regimen than a single bolus
administration.

Tracking NK Cells
NK cells are a type of cytotoxic lymphocytes that constitute a major component of the innate
immune system. They play a major role in the rejection of tumors and cells infected by
viruses. Mounting experimental data have suggested that manipulating the balance between
inhibitory and activating NK receptor signals, the sensitivity of target cells to NK cell-
mediated apoptosis, and NK cell cross-talk with dendritic cells, may hold promise for
efficacious cancer therapy [43]. To date, tracking of NK cells has been explored with many
different imaging modalities, including BLI, fluorescence, MRI, and PET.

In an early study, BLI was used to monitor the homing of effector NK cells, transfected with
both green fluorescent protein (GFP) and luciferase reporter genes, to the sites of tumor
growth followed by tumor eradication [44]. The entire course of malignancy including
engraftment, expansion, metastasis, response to therapy, and unique patterns of relapse was
non-invasively detected by BLI. Subsequently, human NK cells were also labeled with
clinically applicable iron oxide contrast agents [45] or 18F-FDG [46] and the accumulation
of these labeled cells in tumors could be monitored in vivo with MRI and PET, respectively.
Recently, tumor-targeted NK cells were labeled with a NIR dye, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD), to track their distribution in human prostate cancer
xenografts with fluorescence imaging [47]. In vivo studies demonstrated a significant
increase in tumor fluorescence at one day post-injection of tumor-targeted NK cells but not
the parental NK cells.

Tracking Other Immune Cells
Besides the T cells and NK cells described above, a number of other immune cells have also
been studied in animal tumor models. For example, the feasibility of in vivo cell tracking
with MRI in anti-cancer cell therapy was demonstrated [48]. Ovalbumin-specific
splenocytes were labeled with superparamagnetic iron oxide (SPIO) nanoparticles and
injected into mice inoculated with ovalbumin-expressing tumors. Non-invasive MRI
tracking of the injected splenocytes showed significant signal in the spleen at one day after
injection, and in the tumor at two and three days after injection. Another report suggested
that circulating endothelial precursor cells (CEPs), isolated from CD34+/CD133− cells of
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peripheral blood, could be promising candidates for treating ischemic diseases and tumor
targeting/imaging [49]. In this study, the CEPs were fluorescently labeled and visualized by
immunofluorescence microscopy but not in vivo imaging.

In vivo tracking of several other types of killer cells has been studied. Unlike the NK cells,
these killer cells respond to certain biological factors (e.g. lymphokine or cytokine) or cells
(e.g. macrophages). Lymphokine-activated killer (LAK) cells, a type of white blood cells
that are stimulated in a laboratory to kill tumor cells, have been explored for cancer
immunotherapy [50]. Tracking of GFP-labeled LAK cells in mice carrying B16 melanoma
metastases has been reported [51]. Another study evaluated the in vivo distribution of
macrophage-activated killer (MAK) cells, which were labeled with 18F-FDG or 111In-
oxime, in patients with peritoneal relapse of epithelial ovarian carcinoma [52]. However, the
leakage of 18F-FDG from the labeled cells significantly hampered accurate tracking of these
cells to the tumor. Cytokine-induced killer (CIK) cells, derived from human peripheral
blood or mouse splenocytes [53], have been combined with oncolytic viral therapy to
achieve directed delivery to tumors in both immunodeficient and immunocompetent mice
[54]. Pre-infection of CIK cells with modified vaccinia virus resulted in a prolonged eclipse
phase with the virus remaining hidden until interaction with the tumor. Both BLI and
fluorescence imaging (these reporter genes were inserted in the virus genome) revealed that
the cells retained their ability to traffic to and to infiltrate the tumor effectively before
releasing the virus.

TRACKING OF STEM CELLS
Immune cells have been extensively studied for cancer therapy, and the above mentioned
studies only represent a small fraction of such endeavor which incorporated non-invasive
cell tracking. Many other eukaryotic cell types have also been proposed and/or investigated
for tumor targeting and tumor therapy, and one of the most vibrant research fields over the
last decade is stem cells. For example, mesenchymal stem cells (MSCs) can migrate to and
proliferate within sites of inflammation and tumors as part of the tissue remodeling process,
which has been exploited as a tumor-targeting strategy for cell-based cancer therapy [55-57].
However, once injected intravenously, the stem cells migrate away from the initial injection
site toward tumor beds and become difficult to visualize and track in vivo. Much research
effort has been dedicated to labeling these cells with either reporter genes or various contrast
agents to enable non-invasive cell tracking, as well as potentially quantifying the fate of the
administered stem cells in vivo.

With BLI
A recent study was undertaken to track the distribution and differentiation of MSCs in
tumor-bearing mice [58]. The tumor cells and the MSCs were labeled with different reporter
genes (both fluorescence and bioluminescence) and studied in two tumor models:
subcutaneous breast cancer and breast cancer lung metastasis. Interestingly, it was found
that when injected intravenously, the MSCs survived, proliferated, and differentiated in
tumor sites but not elsewhere. Non-invasive BLI and histologic studies further revealed that
the MSCs can selectively localize, survive, and proliferate in both subcutaneous tumor and
lung metastasis (Fig. 3A). The MSCs that migrated to the lung tumor differentiated into
osteoblasts, whereas the MSCs in the subcutaneous tumor differentiated into adipocytes.

With MRI
Over the last decade, labeling cells with ferumoxides or SPIO nanoparticles to track their
migration has become routine practice in cellular MRI. Non-invasive imaging of a few or
even single cells, labeled with SPIO nanoparticles, has been reported [41]. For non-
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phagocytic cells (e.g. stem cells) that do not spontaneously ingest ferumoxides, several
tricks can be used to ensure high intracellular uptake and sufficient magnetic labeling, one of
which is the use of cationic transfection agents (e.g. protamine sulfate) to coat the anionic
ferumoxides particles [59,60]. Another method of labeling stem cells with magnetic
nanoparticles is electroporation [61], which can be advantageous in certain scenarios since
no transfection agent is needed thus off-label approval in transfection is not required for
clinical use.

Almost a decade ago, magnetodendrimers were developed and explored as magnetic tags to
label mammalian cells, including MSCs and human neural stem cells (NSCs), through non-
specific membrane adsorption and subsequent intracellular localization in endosomes[62].
Subsequently, stem cells labeling with SPIO nanoparticles using commercially available
transfection agents were investigated, which demonstrated the feasibility of this approach in
both experimental and clinical settings [59].

A few studies investigated the tumor tropism of SPIO nanoparticle-labeled cells in murine
glioma models with MRI, such as neural progenitor cells [63], bone marrow stromal cells
[63], and MSCs [64]. It was found that systemically transplanted MSCs migrated toward
gliomas with high specificity in a temporal-spatial pattern [64]. Seven days after MSC
transplantation, the labeled cells were distributed throughout the tumor while after 14 days,
most of the MSCs were found at the border between the tumor and normal parenchyma. The
inherent tumor tropism of ferumoxide-protamine sulfate complex (Fe-Pro) labeled NSCs to
primary and invasive tumor foci was also explored in a murine glioma model [65]. These
Fe-Pro labeled NSCs were found to retain their proliferative status, tumor tropism, and stem
cell character, while allowing in vivo MRI tracking at 7 Tesla (Fig. 3B). Using the same
labeling strategy (i.e. Fe-Pro), the migration and incorporation of intravenously injected
human CD34+/AC133+ endothelial progenitor cells (EPCs) into the neovasculature in a
flank tumor model was also observed in another study [66].

Recently, complex formation between negatively charged fluorescent monodisperse SPIO
nanoparticles and positively charged peptides, as well as the use of such complex formation
to improve the MRI properties of labeled stem cells, was reported [67]. Stem cells labeled
with this method exhibited a strong fluorescent signal and enhanced T2*-weighted MRI
both in vitro and in vivo in a flank tumor model. Besides iron oxide nanoparticles, labeling
cells with perfluorocarbon (PFC) nanoparticles for 19F MRI has also been explored [68]. It
was found that CD34+CD133+CD31+ stem/progenitor cells readily internalized these PFC
nanoparticles, without the aid of adjunctive labeling techniques, and remained functional in
vivo. Further, the PFC-labeled cells exhibited distinct 19F signals which could be readily
detected after both local and intravenous injection.

With Radionuclide-Based Imaging Techniques
Although SPECT imaging has been widely used for tracking radiolabeled lymphocytes,
tracking stem cells to tumor sites with SPECT has been understudied. In one report, SPIO
nanoparticle-labeled AC133+ progenitor cells (APCs) were used to carry the human sodium
iodide symporter (hNIS) gene to the sites of implanted breast cancer in a mouse model [69].
In vivo real-time tracking of these cells was performed by MRI and expression of the hNIS
gene was determined by SPECT imaging after injection of 99mTc-pertechnetate (Fig. 3C).
This study suggested that genetically transformed, magnetically labeled APCs could be used
as both delivery vehicles and cellular probes for detecting the migration/homing of cells.

Although labeling with 18F-FDG can enable short term tracking of the cells [70], PET
imaging of stem cell trafficking to the tumor generally involves the incorporation of the
HSV1-tk gene into the stem cells. To assess the efficacy of human MSCs for targeting
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microscopic tumors and suicide gene or cytokine gene therapy, immunodeficient mice were
transplanted with human cancer cells and subsequently injected with a small number of
MSCs expressing both the HSV1-tk and enhanced GFP (EGFP) reporter genes [71]. PET
imaging with 18F-FHBG suggested that these MSCs can target microscopic tumors,
subsequently proliferate/differentiate, and form a significant portion of the tumor stroma
(Fig. 3D).

TRACKING OF CANCER CELLS
The abovementioned examples of using imaging techniques as tools for non-invasive
tracking of immune and stems cells were primarily intended for (potential) cancer therapy
applications. On the other hand, tracking of cancer cells and studying their distribution/
activity in vivo can also further our understanding of cancer development and tumor
metastasis. Similar as tracking immune cells and stem cells, the major imaging techniques
used for cancer cell trafficking also include fluorescence, MRI, SPECT, and PET.

With Fluorescence Imaging
One early study investigated dual-color fluorescence imaging using red fluorescent protein
(RFP)-expressing tumors transplanted in GFP-expressing transgenic mice [72]. Exquisite
details of tumor-stroma interactions (e.g. tumor cell trafficking, tumor-induced angiogenesis,
invasion, and metastasis), tumor-infiltrating lymphocytes, stromal fibroblasts and
macrophages, were elucidated [72,73]. In certain cases, such color-coding of cancer cells
growing in vivo can allow distinction of different cell types, including host from tumor, with
single-cell resolution [73]. The development of transgenic mice which express fluorescent
proteins has revolutionized cancer research and enabled the study/imaging of many
important biological processes (not limited to cancer) that previously could only be studied
in vitro.

Subsequently, dual-color fluorescent cells with one color fluorescent protein in the nucleus
and another color fluorescent protein in the cytoplasm were genetically engineered [74].
With RFP expressed in the cytoplasm and GFP expressed in the nucleus, these dual-colored
cells enabled the sub-cellular dynamics of cancer cell trafficking to be imaged in living
animals. Highly elongated cancer cells and nuclei in narrow capillaries were visualized
where both the nuclei and cytoplasm underwent extreme deformation during extravasation.
Real-time trafficking of these cancer cells in lymphatic vessels was also demonstrated in
subsequent studies (Fig. 4A) [75,76]. In general, whole-body imaging with fluorescent
proteins is a powerful technology to follow the dynamics of cancer development and
metastasis [77], which significantly furthers the understanding of cancer spread at the
subcellular level in living mouse by enabling both macro and micro imaging technology
thereby providing the basis for a new field of in vivo cancer cell biology.

Quantum dots (QDs) are inorganic fluorescent semiconductor nanoparticles with superior
optical properties compared with organic dyes such as high quantum yields, high molar
extinction coefficients, strong resistance to photobleaching and chemical degradation,
narrow emission spectra, and large effective Stokes shifts [78,79]. QDs have been used as
cell markers to study extravasation of intravenously injected, QD-labeled tumor cells in
small animal models [80]. It was demonstrated that QD-labeled tumor cells permit in vivo
imaging despite tissue autofluorescence. More importantly, these QD-labeled cells could
also be used to analyze the distribution of tumor cells in organs and tissues and to track
different populations of cells. By using multi-photon laser excitation, five different
populations of cells could be simultaneously identified.
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With MRI
SPIO nanoparticles have also been used to label and track tumor cells, besides immune cells
and stem cells. In one study, MRI at 1.5 T allowed the detection of SPIO nanoparticle-
labeled human cancer cells both in vitro and in vivo [81]. One disadvantage of iron oxide
nanoparticles is that they give negative contrast, which can be difficult to interpret in many
cases. On the other hand, gadolinium-based contrast agents give positive contrast in T1-
weighted images. In one study, gadolinium-rhodamine nanoparticles were explored for
labeling and tracking cancer cells in vivo [82]. Tumor cells could be efficiently labeled with
these nanoparticles and when inoculated subcutaneously into the flanks of mice, they could
be imaged with both MRI and optical imaging (Fig. 4B). It was suggested that this approach
could be modified with different fluorophores and targeting agents for studying the
trafficking of various cell types in the future.

With PET
More than a decade ago, tracking of 18F-FDG-labeled cells was investigated to elucidate the
behavior of various metastatic tumor cells in the blood flow [83]. Although both cells
accumulated in the lungs immediately after injection, the elimination of liver-metastatic
RAW117 cells from the lungs was found to be faster than that of the lung-metastatic
B16BL6 melanoma cells. This study suggested that the trafficking of metastatic tumor cells
could greatly influence the organ specificity of cancer metastasis.

Subsequently, 64Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone) (64Cu-PTSM) was
used to label tumor cells, in comparison with 18F-FDG, for non-invasive PET imaging
studies of cell trafficking in mice [84]. The labeling efficiency was directly proportional
to 64Cu-PTSM concentration and influenced negatively by serum. Although label uptake per
cell was greater with 64Cu-PTSM than with 18F-FDG, both 64Cu-PTSM- and 18F-FDG-
labeled cells showed efflux of cell activity into the supernatant. Small animal PET imaging
revealed that intravenously injected radiolabeled C6 cells trafficked to the lungs and liver
(Fig. 3C).

One of the major advantages of 64Cu-PTSM over 18F-FDG is the significantly longer decay
half-life (12.7 h versus 110 min), which can enable long term cell tracking up to a few days.
Recently, 64Cu-labeled polyethylenimine (64Cu-PEI) was also evaluated for cell trafficking
and tumor imaging and compared with 64Cu-PTSM [85]. Although it was demonstrated
that 64Cu-PEI could be used for both cell trafficking and tumor imaging, and that
PEGylation reduced the cellular toxicity of 64Cu-PEI, the cell labeling efficiency of 64Cu-
PEI was significantly lower than that of 64Cu-PTSM.

CONCLUSION AND FUTURE PERSPECTIVES
A wide variety of labels and imaging techniques have been explored for labeling and
tracking cells in cancer and cancer therapy. Although the cell types can vary which mainly
include immune cells, stem cells, and cancer cells, the labeling strategies are essentially the
same. Direct labeling of cells with image tags is easier than indirect labeling in most cases
and the safety profiles of direct cell labeling techniques are generally quite good. However,
the disadvantage of direct cell labeling 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. With reporter gene techniques (i.e. indirect cell labeling), only live cells are
detected thus they can provide more insights about the cell migration, differentiation, and
proliferation in vivo.
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Each imaging modality has its advantages and disadvantages in terms of sensitivity, tissue
penetration, spatial resolution, and clinical potential (Table 1). Optical imaging is mostly
applicable to preclinical studies where light penetration is less of an issue than in cancer
patients. BLI can not be used in human studies while tracking of labeled cells with MRI,
SPECT, and PET may all 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 cell labeling studies incorporated multiple reporter genes. For example,
fluorescent genes (e.g. GFP and RFP) can facilitate cell sorting to isolate the cells of
interest, BLI (with luciferases) can enable in vivo long term monitoring of the cells in a
quantitative manner in small animal models, and PET can allow for more clinically relevant,
highly sensitive detection of the injected cells or the daughter cells. With these tools in hand,
scientists can investigate the various aspects of cancer development and cancer therapy in a
manner that was previously impossible. Future development and validation of various cell
labeling/tracking techniques will further strengthen the arsenal for cell-based imaging and
therapy of cancer.

Cancer immunotherapy is already widely used in the clinic and cell labeling/tracking studies
in this area have been well documented. Stem cells hold enormous promise for cancer
therapy, however labeling and tracking stem cells has primarily been at the preclinical stage
asstem cell research is still a relatively new field. These two major types of cells are
primarily explored for the ultimate goal of efficacious cancer therapy with minimal side
effects. Labeling/tracking cancer cells is mainly studied for the understanding of cancer
development/spread and this area has not been well studied. One of the major reasons might
be that many of the currently used preclinical tumor models are not highly relevant to human
cancer in the clinical situation. In the future, combination of conventional cancer biology
studies, more clinically relevant tumor models, and non-invasive imaging may give more
insights into the many processes of cancer development and provide new avenues for novel
therapeutic strategies against cancer.

Safety of cell labeling is always a big concern in potential clinical studies since introduction
of foreign substances (e.g. image tags or genes) may cause unpredictable alterations in cells.
Based on the available literature data, iron oxide labeling of cells appears to be safe and is in
active clinical development. For indirect cell labeling, the most intensively studied PET
reported gene, HSV1-tk, is also a suicide gene which adds an extra layer of control to ensure
safety. With pilot human studies already reported [40], it is expected that reporter genes will
gradually gain popularity in future clinical studies. The ideal imaging modality for tracking
therapeutic cells (e.g. stem cells and immune cells) in cancer patients requires the imaging
tags to be non-toxic, biocompatible, and highly specific to reduce perturbation to the target
cells. Much future effort will be required before this can become a reality and clinical
routine.

Lastly, the requirement for cell tracking techniques depends on the clinical scenario. In some
cases, only short term tracking would be needed while in other cases, long term survival and
proliferation would also need to be monitored. MRI, radionuclide-based imaging techniques,
and reporter gene-based approaches will each have their own niches. Rather than identifying
and optimizing one technique that is 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 of a specific situation. The various imaging modalities are more complementary
than competitive with the same ultimate goal: personalized medicine for cancer patients.
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ABBREVIATIONS

APC AC133+ progenitor cells

BLI Bioluminescence imaging

CEP Circulating endothelial precursor cell

CIK cell Cytokine-induced killer cell

CLIO Cross-linked iron oxide

CTL Cytolytic CD8+ T cell
64Cu-PEI 64Cu-labeled polyethylenimine
64Cu-PTSM 64Cu-pyruvaldehyde-bis(N4-methylthiosemicarbazone)

DiD 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine

EGFP Enhanced GFP

EPC Endothelial progenitor cell

FDA The Food and Drug Administration

Fe-Pro Ferumoxide-protamine sulfate complex
18F-FDG 18F-2-fluoro-2-deoxy-d-glucose
18F-FEAU 2′-18F-fluoro-2′-deoxy-1-beta-d-arabinofuranosyl-5-ethyluracil
18F-FHBG 9-[4-18F-fluoro-3-(hydroxymethyl)butyl]guanine

GFP Green fluorescent protein

hNIS Human sodium iodide symporter

HSV1-tk Herpes simplex virus type 1 thymidine kinase
124I-FIAU 2′-fluoro-2′-deoxy-1-beta-D-arabinofuranosyl-5-124I-iodouracil
131I-FIAU 2′-fluoro-2′-deoxy-1-beta-D-arabinofuranosyl-5-131I-iodouracil
124I-IdU 5-124I-iodo-2′-deoxyuridine

LAK cell Lymphokine-activated killer cell

MAK cell Macrophage-activated killer cell

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

MSC Mesenchymal stem cell

NIR Near-infrared

NK cell Natural killer cell

NSC Neural stem cell

PET Positron emission tomography

PFC Perfluorocarbon
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QD Quantum dot

RFP Red fluorescent protein

SPECT Single-photon emission computed tomography

SPIO Superparamagnetic iron oxide
99mTc-HMPAO 99mTc-hexamethylpropylene amine oxime
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Fig. (1).
Many imaging labels and techniques have been used to label cells and track them in vivo.
Some involve direct labeling of the cells while others require genetic modification of the
cells.
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Fig. (2).
Tracking T cells in vivo with various techniques such as fluorescence, bioluminescence,
SPECT, PET, and MRI. A. Fluorescence imaging delineates the accumulation of cytotoxic T
lymphocytes in the tumor and lymph nodes. B. Bioluminescence imaging of firefly
luciferase expression in T cells at days 1, 6, and 13 after T cell adoptive transfer in mice
harboring brain tumors. White arrows point to T cells at the tumor and green arrows point to
the bone marrow. C. Biodistribution of intravenously injected, 131I-FIAU-labeled T cells
over time in mice bearing human lymphoma xenografts. D. MRI and 18F-FHBG PET of a
patient who received infusions of autologous T cells that expressed interleukin 13 zetakine
and HSV1-tk genes. A surgically resected tumor (1) and a new, non-resected tumor (2) are
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shown. The infused cells had localized at the site of tumor 1 and trafficked to tumor 2. SUV:
standardized uptake value. E. Time course of CLIO-labeled T cell homing to the B16-OVA
tumor. Adapted from [25,28,33,40,42].
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Fig. (3).
Tracking stem cells in vivo with various techniques such as bioluminescence, MRI, SPECT,
and PET. A. Trafficking the fate of luciferase-transfected mesenchymal stem cells (MSCs)
in 4T1 tumor-bearing mice (both cells were co-injected intravenously). Bioluminescence
imaging showed that luciferase activity dropped to the lowest level at day 4, then increased
gradually and peaked at day 11. B. MRI visualization of Fe-Pro-labeled neural stem cells
(NSCs) targeting human glioma in an orthotopic mouse model. Dark signals (white dotted
boxes) indicated the labeled cells. Tu: tumor. C. Accumulation of hNIS-transfected AC133+

progenitor cells (APCs) around the implanted tumor as detected by 99mTc SPECT scan. The
MRI image on the left provided anatomical information of the animal. D. PET images of
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tumor-bearing mice which were intravenously injected with genetically modified MSCs, and
imaged with 18F-FHBG PET. %ID/g: percentage injected dose per gram of tissue. Adapted
from [58,65,69,71].
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Fig. (4).
Tracking cancer cells in vivo with various imaging labels and techniques. A. Dual-color
imaging of lymphatic structures and trafficking of cancer cells. Single-cell motion at the
junction of afferent lymph duct and subcapsular sinus of the lymph node is delineated.
White arrow indicates the direction of cancer cell trafficking and the inset is a low
magnification image of the whole lymph node. B. MRI section of a mouse 7 days after
inoculation with unlabeled tumor cells and gadolinium-rhodamine nanoparticle labeled
tumor cells. C. Small animal PET imaging of 64Cu-PTSM-labeled C6 cells after intravenous
injection into a mouse. Concordance between location of activity in the PET image and
autoradiography section demonstrated that cells were trapped initially in the lungs. Adapted
from [75,82,84].
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