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Abstract
Cell-based cancer immunotherapy represents a new and powerful weapon in the arsenal of
anticancer treatments. Non-invasive monitoring of the disposition, migration and destination of
therapeutic cells will facilitate the development of cell based therapy. The therapeutic cells can be
modified intrinsically by a reporter gene or labeled extrinsically by introducing imaging probes
into the cells or on the cell surface before transplant. Various advanced non-invasive molecular
imaging techniques are playing important roles in optimizing cellular therapy by tracking cells and
monitoring the therapeutic effects of transplanted cells in vivo. This review will summarize the
application of multiple molecular imaging modalities in cell-based cancer immunotherapy.

1. Introduction
1.1 Cell-based cancer immunotherapy

Cancer is one of the main causes of death worldwide (http://www.cdc.gov), imposing
tremendous emotional and financial burdens. Cancer treatment remains an immense
challenge despite significant advances in chemotherapy and radiotherapy. Especially, the
profound side effects and drug resistance make a potentially lethal combination. Therefore,
alternative therapy regimens are under development for better disease control.1 One
appealing strategy is cell-based cancer immunotherapy, which is designed to harness the
patients’ own immune system to induce a potent anti-tumor response. By doing so, various
therapeutic cell types, such as lymphocytes (CD4+ and CD8+ T cells), dendritic cells (DCs)
and natural killer cells (NK cells), are locally or systemically administrated to cancer
patients after ex vivo manipulation. This strategy results in a highly selective toxic effect
directly against cancer cells with significantly less side effects on normal cells.2–6 Over the
last decade, advances in the manipulation of immunocompetent cells have spurred the
development of exciting new immunotherapeutic strategies. The promising role of cell-
based cancer immunotherapy is reflected by the constantly growing number of clinical trials
adopting therapeutic cells.7

Correspondence to: Gang Niu, niug@mail.nih.gov; Xiaoyuan Chen, shawn.chen@nih.gov.

NIH Public Access
Author Manuscript
Mol Biosyst. Author manuscript; available in PMC 2011 April 1.

Published in final edited form as:
Mol Biosyst. 2011 April 1; 7(4): 993–1003. doi:10.1039/c0mb00198h.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.cdc.gov


However, cell-based immunotherapy is still in the early stages of development.6–8 Our
current knowledge on the biodistribution and pharmacokinetics of the therapeutic cells relies
mainly on the ex vivo examinations of tissue samples obtained by biopsy/autopsy. The
mechanisms underlying migration and the role therapeutic cells play in therapy have not
been fully elucidated. Thus, it is critical to develop sensitive and reproducible non-invasive
methods for real-time assessment of the therapeutic process for the refinement of current
cell-based cancer immunotherapy.9

1.2 Molecular imaging
Molecular imaging is defined as the visualization, characterization, and measurement of
biologic processes at the cellular/molecular level.10 Driven by the advances in biology,
chemistry, nanotechnology and imaging techniques, molecular imaging has grown rapidly in
the last 10 years and has now becomes one of the key components of 21st-century disease
management.11–14 It enables non-invasive visualization of cellular function and the follow-
up of the molecular process in living organisms with the help of advanced probes. The
multiple and numerous possibilities of this field are applicable to earlier and more precise
diagnosis of diseases as well as to improve treatment by optimizing pre-clinical and clinical
tests of new medication.11,15

Molecular imaging is not restricted to any given imaging tool. For example, nuclear imaging
techniques, optical imaging, and magnetic resonance imaging (MRI) are all adapted for
molecular imaging.11 As summarized in Table 1, each imaging modality has its own
advantages and disadvantages in terms of sensitivity, spatial resolution, and tissue
penetration depth.13,16,17 To echo each imaging modality, various imaging probes with
molecular specificity (targeted/activatable probes) have been designed and synthesized.18–21

The ideal imaging probes should exhibit favorable kinetics, metabolic stability and
biocompatibility, while the optimal readout technique should have a minimal background
signal and allow for signal amplification to decrease the detection limit. Currently,
multifunctional probes are also under development to overcome the limitations of sensitivity
and resolution that a single imaging technique may have.22–24

1.3 Molecular imaging in cell-based immunotherapy
Successful application of cell-based approaches in clinical therapies requires techniques to
monitor transplanted cell survival and integration non-invasively and dynamically with a
high temporal and spatial resolution.25 Consequently, molecular imaging has been
extensively adapted to study cell-based cancer immunotherapy. In order to facilitate
effective tracking of the movement and function by imaging methods, the therapeutic cells
must be pre-labeled with a probe either by intrinsic or extrinsic cell labeling. Intrinsic cell
labeling is usually achieved by ex vivo transduction of therapeutic cells with imaging
reporter genes.26 This approach allows for reliable, stable, and harmless visualization of
cellular trafficking, proliferation, and function at the target site. It could provide a general
solution for long-term monitoring of tailored therapeutic cells. However, genetic
modification of therapeutic cells without substantially affecting their characteristics could be
a challenge. In addition, the sensitivity of this technique is determined by the reporter
probe’s pharmacokinetics and by the reporter gene expression level in the transfected cells.
For extrinsic cell labeling, imaging probes with radioactive, fluorescent or paramagnetic
properties can be incorporated into cells according to standardized protocols.27,28 These
methods are primarily a short-term monitoring technique due to probe washout or dilution
from cell division. In the following sections, we will summarize the application of molecular
imaging in cell-based cancer immunotherapy, categorized by commonly used imaging
modalities (Scheme 1).
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2. Nuclear imaging
Nuclear imaging techniques, including positron emission tomography (PET) and single
photon emission computed tomography (SPECT), are the primary choices for molecular
imaging because of their inherent high sensitivity.18,29 SPECT uses low energy γ-emitting
isotopes (e.g. 123I,111In, and 99mTc) and is relatively inexpensive and widely available. For
imaging purposes, a target-to-nontarget ratio of >1.5 is sufficient for SPECT, whereas planar
imaging requires much higher ratios. PET imaging is based on annihilation coincidence
detection after labeling imaging probes with a positron-emitting radionuclide. Compared
with SPECT, PET has the advantages of higher sensitivity and versatility. Moreover, it is
also capable of scatter correction. PET imaging leads to high acquisition efficiency and
results in high-quality three-dimensional images or maps of functional processes within the
body. The major advantage of SPECT imaging is that it can be used for simultaneous
imaging of multiple radio-nuclides emitting γ-rays with different energies. Thus, SPECT can
potentially allow simultaneous detection of multiple biologic events with multiple isotopes,
which is not possible with PET. However, compared with PET, SPECT has lower sensitivity
and spatial resolution. Up to now, both imaging methods have been widely used in the field
of cellular imaging.

2.1 Intrinsic cell labeling for nuclear imaging
Several reporter genes have been used for radionuclide imaging such as thymidine kinase
(tk), an enzyme that biochemically modifies the probe;30,31 dopamine D2 receptor, a cell
surface receptor that specifically binds to the probe32 and sodium iodide symporter (NIS), a
cell membrane associated transporter that transports the probe across the cell membrane.
33,34 The specific interaction between reporter gene encoded products and the administered
probes generates a signal accumulation that can be detected by either PET or SPECT.
Among them, the herpes simplex virus type 1 thymidine kinase (HSV1-tk) and the mutated
gene HSV1-sr39tk are the most commonly used reporter genes for PET imaging.35 These
enzymes phosphorylate a wide range of radiolabled substrates including pyrimidine (uracil-
based FIAU, FEAU, FFEAU) and purine [acycloguanosine-based penciclovir (PCV),
FHBG, FHPG)] nucleoside analogs. After phosphorylation, these compounds are unable to
cross the cell membrane and the intracellularly trapped radioactivity is then directly related
to the local expression of the reporter genes.36,37

T lymphocytes are important components of the immune response and play important roles
in the elimination of cancer cells from the body. After transducing the cells to express
HSV1-tk reporter gene, Koehne et al.38,39 demonstrated the feasibility of long-term in vivo
tracking of adoptively transferred antigen-specific T cells with PET imaging. After adoptive
transfer, HSV-tk+ T cells labeled with 124I-FIAU/131I-FIAU can be noninvasively tracked in
tumor-bearing mice by scintigraphy and serial PET images. These T cells selectively
accumulate in EBV+ tumors expressing the T cells’ restricting HLA allele. The
concentrations of transduced T cells detected in tumors and tissues are closely correlated
with the concentrations of label retained at each site. Moreover, 131I labeled T cells can
eliminate the targeted tumors selectively due to β emission.

Quantitative PET provides a potential opportunity to determine the number of therapeutic
cells at the target site. In 2004, Su et al.40 determined the correlation between PET signal
and cell number and characterized the cellular limit of detection for PET. By PET imaging
with 18F-FHBG, they observed a cell number-dependent signal using native mouse T cells
transduced with the HSV1-sr39tk reporter gene. Further study demonstrated that early
accumulation and apparent proliferation of memory T cells at the antigen-positive tumor
could be visualized and quantified by PET imaging.41 Recently, Shu et al.42 also
demonstrated that PET can monitor the distribution of self-antigen-specific T cells
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engineered to express HSV1-sr39tk. PET imaging using 18F-FHBG enabled the detection of
transferred T cells in secondary lymphoid organs of recipient mice over a 3-week period.
The lower limit of detection was approximately 7 × 105 T cells in the spleen and 1 × 104 T
cells in lymph nodes (LNs). However, quantification of transplanted T cells in the tumor
was hampered by the sr39tk-independent trapping of 18F-FHBG within the tumor
architecture.

All these studies supported the feasibility of using PET to visualize the expansion, homing
and persistence of transferred T cells. Indeed, in a recent clinical trial, Yaghoubi et al.43

reported successful utilization of genetically modified CD8 + T-cells carrying IL-13 zetakine
and HSV1-tk genes in a patient with glioblastoma multiforme. The distribution of transferred
cytolytic T-cells in the tumor as well as other parts of the body can be detected by PET
scanning using 18F-FHBG. However, the immune reaction of the viral protein elicited in
humans may limit the translation of HSV-tk reporter genes into a clinical setting.

2.2 Extrinsic cell labeling for nuclear imaging
One of the major advantages of radionuclide methods used in cell labeling is that the small
probe mass and labeling strategies do not significantly perturb the biological processes
under study.44 For scintigraphy and SPECT imaging, several lipophilic compounds such
as 111In-Oxyquinoline (Oxine) and 99mTc-exametazime (Ceretec) are most commonly
employed for in vitro leukocyte labeling and have found widespread clinical applications in
monitoring cellular immunotherapy.45 For example, scintigraphic imaging of the
biodistribution patterns of dendritic cells in mice was demonstrated by Kupiec-Weglinski et
al.46 using 111In-labeled splenic DCs. Suda et al.47 reported the non-invasive tracking
of 111In-labeled DCs using a gamma camera. In a study published by Fisher et al.,48 patients
with metastatic malignant melanoma were treated with 111In-labeled tumor-infiltrating
lymphocytes, followed by serial whole-body gamma camera imaging and serial biopsies of
tumor and normal tissue. It was demonstrated that 111In-labeled lymphocytes can localize
preferentially to tumors, providing information about the possible therapeutic mechanism of
tumor-infiltrating lymphocytes. Blocklet et al.49 labeled autologous monocyte-derived DCs
with 111In-oxine and injected the therapeutic cells into patients with various cancer types.
The imaging results showed that transferred DCs rapidly moved to a regional lymph node in
which antigen presentation should occur.

FDG is a model PET radiopharmaceutical and has been lauded as the “molecule of the
century” in nuclear medicine.50 As a glucose analog, FDG enters the cell through specific
glucose transporters on the cell membrane and is converted to deoxyglucose 6-phosphate,
which is trapped in the cell in proportion to glucose metabolism.51 The magnitude of FDG
uptake in certain tumors relates quite directly to the number of viable cells. Thus, FDG-PET
imaging provides high specificity and sensitivity to several kinds of cancer with many
clinical applications of patients with malignant diseases. 18F-FDG has also been investigated
as a marker to label mesenchymal stem cells for in vivo PET imaging.52 However, the
labeling efficiency of 18F-FDG varies from one cell type to another and is typically lower
than what can be achieved with 111In-Oxine.53 Other PET tracers are thus being developed
as alternatives to FDG. Olasz et al.54 labeled bone marrow-derived DCs with N-
succinimidyl 4-[18F]-fluorobenzoate (FSB) and tracked the cell migration from the footpad
to the draining popliteal lymph node over the course of nearly 4 h in mice. Radu et al.55

demonstrated that 1-(2′-deoxy-2′-18F-fluoroarabinofuranosyl) cytosine (18F-FAC) could
image activation-specific upregulation of the deoxyribonucleotide salvage pathway in
lymphoid cells by PET (Fig. 1). The results demonstrated that 18F-FAC enabled
visualization of lymphoid organs, specifically sensitive to localized immune activation, in a
mouse model of antitumor immunity. 64Cu-pyruvaldehyde-bis-(N4-
methylthiosemicarbazone) (64Cu-PTSM) also has been used to radiolabel cells. It has been
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reported that 64Cu-PTSM labeling efficiency and cell viability were comparable or superior
to 111In-Oxine.53 Adonai et al. labeled C6 rat glioma cells with 64Cu-PTSM and
intravenously injected the labeled cells in mice. The images indicated that tail-vein-injected
labeled C6 cells traffic to the lungs and liver. In addition, transient splenic accumulation of
radioactivity was clearly detectable in a mouse scanned at 3.33 h postinfusion of 64Cu-
PTSM-labeled lymphocytes.56

Direct cell labeling with radionuclides can only determine short-term circulation and homing
properties of infused therapeutic cells because the imaging signal decreases with radioactive
decay, instability of labeling and biological clearance.56,57 With current labeling techniques,
relatively low level of radioactivity per cell can be attained and it is difficult to evaluate the
proliferation of labeled cells in the body. In addition, PET and SPECT have limited spatial
resolution, so they are unable to precisely localize the site of increased tracer uptake.

3. MRI
MRI has been developed into one of the most powerful imaging tools in radiology and
biomedical sciences.58–60 The fundamental principle underlying MRI is that unpaired
nuclear spins (i.e. hydrogen nuclei of water and nuclei with similar chemical shifts) align
themselves when placed into a magnetic field.61 MRI detects the interaction of protons (or
certain other nuclei) with each other and with the surrounding molecules in a tissue of
interest.62 Different tissues have different relaxation times which can result in endogenous
MR contrast. Among the different imaging approaches, MRI is particularly attractive due to
its superior spatial resolution and the harmlessness of the magnetic field used. Its
exceptional spatial resolution is at least one order of magnitude higher than nuclear and
optical imaging, allowing morphological images without in-depth limitations even on
clinical machines. Several anatomical, physiological and metabolic parameters can be
measured almost simultaneously with multiple MRI methods. To date, MRI has also been
widely exploited for molecular/cellular imaging. The non-invasive acquisition of both
temporal changes of transplanted cell location and high-resolution anatomy is of great
interest in the field of cell-based cancer immunotherapy.

3.1 Intrinsic cell labeling for MRI
The primary requirement of an MR reporter gene is to produce a signal or to provide
contrast that can be distinguished from the surrounding tissues by MRI. Several MRI based
reporter genes have been investigated.63–67 For example, Louie et al.63 used a gadolinium-
based probe to label Xenopus embryos and monitor beta-galactosidase activity. The probe
contains a galactose group that hinders the inner sphere relaxation enhancement effect of the
paramagnetic chelated gadolinium. In the presence of lacZ-transfected cells expressing beta-
galactosidase, the galactose is cleaved off, leading to an increase in water molecules
diffusing towards the inner gadolinium atom. This increase leads to an inner sphere
relaxation enhancement and amplified contrast in T1 weighted MR images. Nonmetallic and
biodegradable artificial MRI reporter genes encoding a lysine-rich protein have also been
reported.65,68 Based on the rapid transfer of an amide to a water proton in the lysine-rich
protein, this probe can produce chemical-exchange saturation transfer contrast in solution
and thus reduce MRI signal intensity. Combining overexpression of transferrin receptor with
transferrin-attached iron oxide nanoparticles led to detectable intracellular iron accumulation
and corresponding decrease in T2 signals in MRI.64 This method results in improved
sensitivity. Liu et al.66 also established transgenic mouse ES (mES) cell lines that carry a
human ferritin heavy chain as a reporter gene and succeeded in monitoring the transferred
cells in vivo using MRI.
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However, all these MRI based reporter genes including transferrin have not been widely
used for MRI cell tracking due to several inherent shortcomings. Compared with the radio-
nuclide reporter gene method, the sensitivity of MRI based reporter genes is much lower and
it is difficult to achieve distinguishable contrast, especially in vivo. For transferrin reporter
genes, it takes a relatively long time period to accumulate sufficient amount of iron that lead
to detectable contrast and sufficient endogenous iron needs to be present. Also, the
sensitivity of detection of MRI is lower at clinical field strengths. Active collaborations
between the fields of molecular biology and MRI are needed to further improve the design
of MRI reporter genes, such as identification of the optimized mutants with increased
transverse relaxivity and larger monitoring window.

3.2 Extrinsic cell labeling for MRI
The most widely used MR contrast agents in cellular MR imaging are superparamagnetic
iron oxide nanoparticles (SPIOs). As MRI contrast agents, SPIOs have many advantages:
11,59,60,69,70 (1) they can be biologically degraded, metabolized and integrated into serum
Fe pool to form hemoglobin or to enter other metabolic processes; (2) they provide the most
change in signal per unit of metal, in particular to T2

*-weighted images, allowing small
numbers of SPIO-loaded cells to be detected in MR images in vivo; (3) they can be
magnetically manipulated to change their magnetic properties, which opens new
opportunities such as hyperthermia treatment for cancer induced by a high-frequency
magnetic field; (4) they have a large surface area for functional modification; (5) they are
easily detectable by histology (Perl’s iron staining) or electronic microscopy for cell
labeling. For all these reasons, there is an ever increasing interest in using SPIOs to label
transplanted cells to monitor their temporal and spatial migration in vivo by MRI.

Generally, the cellular labeling efficiency of SPIOs depends on a number of factors,
including cell type, size and surface properties of SPIO.71 SPIOs are usually encapsulated
by dextran or poly(ethylene glycol) (PEG) for improved biocompatibility, reduced non-
specific protein binding and prolonged circulation in biological systems. To enhance the
labeling efficiency of SPIOs, complexing of polycationic transfection agents to SPIOs is
often introduced through electrostatic interactions. Transfection agents such as poly-L-
lysine,72,73 protamine sulfate74 or cationic liposomes75 form complexes with SPIOs in the
labeling solution and greatly improve the endocytosis efficiency of cells. This offers SPIO
nanoparticles with more universal applications in imaging and therapy at the cellular level.
Another strategy involves modifying the SPIO surface with targeting moieties such as
peptides or monoclonal antibodies.20,27,76,77

The use of SPIO-labeled therapeutic cells has illustrated a clear need for image-guided
cellular immunotherapy. Kircher et al.78 designed intracellular labels, CLIO-HD
nanoparticles, for in vivo MRI tracking of systemically injected cells with near single-cell
resolution. They demonstrated for the first time high resolution imaging of T-cell
recruitment to intact tumors in vivo. Daldrup-Link et al.79 showed that the human NK cell
line NK-92 can be efficiently labeled with clinically applicable iron-oxide contrast agents,
and the accumulation of these labeled cells in murine tumors can be monitored in vivo by
MR imaging. Similarly, Arbab et al.80 reported the feasibility of imaging the migration and
incorporation of SPIO-labeled sensitized splenocytes in an experimental 9L glioma brain
tumor model. In another study, de Vries et al.81 labeled DCs with SPIOs or 111In-oxine and
monitored the cells in vivo with MRI (Fig. 2). They demonstrated that in vivo MR tracking
of magnetically labeled DCs is feasible in humans to detect very low number of cells with
detailed anatomical information. Those MR cell tracking techniques may be particularly
useful for evaluating novel cell-based therapies in vivo.
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MRI allows noninvasive and three-dimensional visualization of whole organisms over time
and would be ideally suited to quantitatively monitor cell trafficking in vivo. Long et al.82

developed an in vivo labeling method based on cell-to-cell transfer of SPIOs from tumor
cells to endogenous antigen-presenting cells. In this study, mice were immunized with a
tumor cell-based vaccine that was irradiated and labeled with SPIOs. Antigen-presenting
cells that captured SPIOs can be quantitatively imaged over time as they accumulate in
lymph nodes. This strategy can be exploited to optimize the current cellular immunotherapy
by quantifying antigen-presenting cell numbers through noninvasive MRI.

Although it is promising to monitor cell trafficking with MRI after the cells are labeled with
SPIOs, several limitations still exist. For example, once the labeled cells die, SPIOs remain
in and around dead cells or are engulfed by cells of the host, which may result in misleading
interpretation of MRI-based cell tracking. Furthermore, MRI cell tracking is difficult to
perform in certain cases such as traumatic injury in which the endogenous blood derivatives
exhibit hypointensity. Gadolinium (Gd)-based contrast agents are considered positive
contrast agents for T1-weighted images because they brighten the tissues by shortening the
T1 relaxation time of the water protons in the accumulated tissue. They do not have the
signal void problems associated with SPIO. Gd-based probes have been used to label and
monitor cells in an animal model bearing central nervous system tumors.83 After being
labeled with a clinically approved formulation of a Gd-based MR contrast agent, Gd(III)-
HP-DO3A (ProHance), injected DCs can be effectively imaged in vivo in established central
nervous system tumors. However, compared with SPIOs, Gd based contrast agents are much
less sensitive, due to the T1 and T2 signal differences. Although this might be overcome by
delivering more Gd to the target cell/tissue, minimization of dose is desirable, especially
with growing concern over Gd-based contrast agents related toxicities including
nephrogenic systemic sclerosis.84,85

4. Optical imaging
Optical imaging is one of the most widely used molecular imaging techniques in preclinical
settings.86 Optical imaging is relatively safe and simple without hazardous radiation. The
imaging process is fast and is thus suitable for high throughput screening of a large number
of species. Optical imaging has been applied for various applications, such as studying gene-
delivery efficiency and gene-expression patterns, measuring protein-protein interactions,
determining tumor growth, metastasis and response to therapy, and monitoring the location
and the proliferation of therapeutic cells.87 Fluorescence reflectance and bioluminescence
imaging are the most frequently employed modalities for cell-based cancer immunotherapy.
86 In fluorescence imaging, excitation light illuminates the subject, and a charge-coupled
device (CCD) camera collects the emission light at a shifted wavelength.88 The fluorescent
probe can be either injected or genetically engineered and no substrate is required for its
visualization.89 Bioluminescence imaging (BLI) is based on the expression of a light-
emitting enzyme (such as firefly luciferase) in target cells and tissues.90 In the presence of
its substrate (such as D-luciferin), an energy-dependent reaction releases photons that can be
detected using sensitive detection systems.

4.1 Intrinsic cell labeling for optical imaging
Endogenous reporter proteins for optical imaging such as GFP are widely used in molecular
imaging.91 It is particularly useful because of its stability and the fact that its chromophore is
formed by autocatalytic cyclization that does not require a cofactor. Furthermore, the fusion
of fluorescence proteins to other proteins does not significantly alter its fluorescence
properties or the intracellular location of the fusion protein. However, endogenous
autofluorescence of tissues frequently results in a substantial background emission that
limits the sensitivity and specificity of fluorescence imaging.91,92 Various luciferase genes
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are the most commonly used bioluminescence reporter systems.93 The luciferase reporter
system in combination with their corresponding luminescent substrates are more sensitive
than fluorescence reporter imaging due to the absence of auto-bioluminescence and low
background activity.94

Intrinsic labeling of immunocompetent cells by optical imaging reporter genes and
noninvasive imaging of mice has been extensively reported.94–97 Edinger et al.96 labeled
effector NK cells and monitored their homing to sites of tumor growth followed by tumor
eradication. They firstly demonstrated all of the steps required for effective adoptive
immunotherapy followed by intravenous injection of cells to visualize and study migration
and infiltration into tumor tissues by optical imaging. Schimmelpfennig et al91 reported
serial trafficking patterns and survival of adoptively transferred allogeneic donor DCs in
vivo with optical imaging. Based on the luciferase and GFP reporter gene, they demonstrated
that DCs maintain their capability of homing to lymphoid organs and are detectable for more
than one month in allogeneic transplant recipients. Recently, using bioluminescence
imaging, Helms et al.98 demonstrated that short-term cultured cytokine-induced killer (CIK)
cells exhibit full cytotoxicity in vitro, but display different tumor homing properties than
fully expanded CIK cells in vivo. These data demonstrate that noninvasive and highly
sensitive optical imaging is ideally suited to evaluate complex biologic processes in vivo
such as for cell-based cancer immunotherapy.

4.2 Extrinsic cell labeling for optical imaging
Fluorescence imaging probes can be broadly classified as conventional fluorophores
(organic dyes, fluorescent proteins, etc.), quantum dots (QDs), and hybrid architectures
combining one or more of these emitters in an inert matrix.99–104 Among them, organic
fluorophores are widely used for a variety of straightforward shorter term cell labeling
applications due to their commercial availability, low cost and easy handling.99,105–107 For
example, IRDye800CW has been used to study the trafficking of T cells in a small animal
model.105 However, these fluorphores are often subjected to photobleaching and/or
quenching and may be sensitive to changes in pH and chemical degradation.

QDs are among the most widely studied nanoparticles for optical imaging. QDs are
inorganic fluorescent semiconductor nanoparticles with superior properties for optical
imaging compared with those of conventional organic fluorophores,28,108 such as higher
quantum yields, better resistance to photobleaching and chemical degradation, wider
absorption spectra spanning the ultraviolet to near-infrared region, longer fluorescence
lifetime and narrower emission spectra. Recently, numerous cell-based applications have
been discovered for QDs. Lim et al.109 labeled human NK cells with antibody-coated QDs
for fluorescence imaging. The labeled NK cells showed a therapeutic effect similar to that of
unlabeled NK cells. Intratumorally injected labeled NK cells could be visualized using near-
infrared optical imaging. In another study, Noh et al.110 demonstrated the use of QDs for
noninvasive in vivo tracking of DC migration into lymph nodes (Fig. 3). Furthermore, QDs
can be developed as a versatile platform for immunoimaging of DCs and as an efficient
nanoparticle-based antigen delivery system for priming an immune response.111

Advances in optical imaging technology and molecular probes have had a significant impact
upon cell-based cancer immunotherapy and will continue to provide insight into therapeutic
cell distribution, engraftment and survival. However, optical imaging also has its own
limitations, among which depth resolution and signal quantification are the major issues that
are impeding optical imaging data interpretation and application. Intracellular exogenous
probes may be diluted over time due to cell proliferation, thus causing a decrease in
fluorescent signal and limiting long-term tracking. In addition, dead cells and/or released
probes may be secondarily phagocytosed by macrophages. This process limits the ability to
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distinguish viable and non-viable cells as well as host and donor cells while potentially
generating a significant background signal.

5. Multimodality imaging
Each imaging modality has its own pros and cons. MRI can provide three-dimensional
tomography but is limited by low target sensitivity, whereas PET and optical imaging has
good sensitivity but suffer from low spatial resolution or tissue penetration. To harness the
strengths of different imaging methods, multimodality imaging has become attractive for
both small animal and human studies.112,113 Multimodality imaging enables the
combination of anatomical, functional and molecular information by combining images
from different modalities taken at the same point. It has emerged as a strategy that combines
the strengths of different modalities and yields a hybrid imaging platform with
characteristics superior to those of any of its constituents considered alone.114,115 Generally,
multimodality imaging is chosen to furnish synergistic, complementary, or clinically useful
information beyond that provided by any individual method. For example, co-registration
with MRI images provides the anatomic landscape for localizing the molecular information
generated by PET.

Currently, there are remarkable efforts being made to progress the development of
multimodality noninvasive imaging reporter genes for cell tracking. Triple fusion reporter
vectors harboring a bioluminescence luciferase reporter gene, a reporter gene encoding
fluorescence protein, and a PET reporter gene HSV1-sr39tk has been constructed and found
to preserve the high activity for each protein component.116 With this triple-fusion reporter
gene, Kim et al.117 reported multimodality imaging of activated T-lymphocyte migration
into an immunogenic sarcoma site by using PET and optical imaging. Also, the advantages
of the HSV1-tk-GFP fusion gene have been demonstrated for dual-modality imaging of T-
cell activity in vivo.118 T cell activation in vivo could be monitored and assessed using an
activation-sensitive HSV1-tk-GFP-encoding genetic reporter system under the control of a
nuclear factor of activated T cells, which may be useful in the assessment of cell-based
adoptive therapies, vaccination strategies and immunosuppressive drugs.

Mesenchymal stem cells (MSCs) have been shown to target cancer tissue in vivo and thus
have the potential to serve as vehicles for the delivery of anticancer therapies.25,119 It is
crucial to understand the dynamics of homing and engraftment of infused stem cells with
noninvasive imaging in real time for the progression of stem cell therapeutics.120,121 Love et
al.122 used lentiviral vector encoding a triple fusion reporter gene to transducer human
MSCs. These transduced MSCs were visualized with optical and PET imaging in small-
animal models, allowing multimodal imaging of cell therapy for in vivo cellular imaging
applications. A similar approach has been used for the monitoring of MSC targeting of
microscopic tumors and tumor stroma development.123 As imaged by 18F-FHBG PET,
MSCs expressing HSV1-tk and GFP reporter genes could target microscopic tumors,
subsequently proliferate and differentiate, and contribute to the formation of a significant
portion of tumor stroma.

Multimodality imaging of therapeutic cells also can be achieved after the cells are directly
labeled with multifunctional imaging probes.23,124–129 For example, Lim et al.130

synthesized a novel mulitfunctional probe for both 19F-based MRI and near-infrared optical
imaging using perfluorooctyl bromide (PFOB) and IRDye800, respectively (Fig. 4). The 1H-
based MR provides a whole-body image while the 19F-based MR shows only signals
generated from the injected DCs labeled with IRDye800-coated PFOB nanoemulsions. In
addition, a strong NIR fluorescence signal was detected at each injection site.
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6. Conclusion and perspectives
Molecular imaging of cell-based cancer immunotherapy is an active area of investigation in
both preclinical animal models and clinical trials. With the use of different imaging
modalities and probes, molecular imaging has spurred the development of exciting new
immunotherapeutic strategies. Ultimately, molecular imaging will play a critically important
role in measuring and elucidating the trafficking pathways of therapeutic cells in vivo, along
with their migratory properties, activation status and therapeutic efficacy.

Multimodality imaging is a promising technique to overcome the limits of current molecular
diagnostics and to permit accurate diagnosis as well as the development of cell-based cancer
therapy. However, future investigation is needed to address the issue of sensitivity and
determine the detection thresholds for the different modalities. For example, PET is a highly
sensitive imaging modality that requires the introduction of only trace amount of probes,
whereas a relatively high amount of probes is needed for MRI. Moreover, the design of
multifunctional probes needs to be optimized since functional group modification of the
probes may change their chemical properties. Fundamental nanoscale understanding of the
molecular interactions among the multifunctional probe components will be critical for the
assembly into efficacious nanocomposite particles. The influence of one structural
component on the performance of the others must be carefully investigated to ensure
synergy in the integrated design.

So far, most probes and cell labeling methods have been studied at either an in vitro
environment or in preclinical models. In order to be translated into clinical applications, the
comprehensive biosafety studies related to toxicity and immunogenicity still need intensive
exploration. For example, the gene products of the imaging reporter such as GFP and HSV1-
TK are foreign proteins, which will induce immunomediated rejection of the transplanted
cells. Humanized variants of the genes or endogenous reporters may reduce the
immunological inactivation of genetically modified cells. For extrinsic labeling, more
biocompatible imaging probes than QDs and other inorganic nanoparticles are needed to
facilitate the clinical translation. In addition, further investigation of in vivo
pharmacokinetics, pharmacodynamics, and metabolism is necessary to optimize these
imaging probes.

In summary, efficient communication and cooperation are needed from biologists in
identifying and validating the crosstalk between tumors and the immune system, from
chemists in synthesizing and characterizing imaging probes, and from engineers and
physicists in developing high-sensitivity/resolution imaging devices. With continuous efforts
by multi-disciplinary approaches, the use of molecular imaging will shed new light on cell-
based cancer immunotherapy.
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Fig. 1.
Noninvasive PET monitoring of immune cell activation using a novel radiotracer 1-(2′-
deoxy-2′-18F-fluoroarabinofuranosyl) cytosine (18F-FAC). Images are 1 mm coronal
sections from PET/CT scans using 18F-FAC on day-1 (A) and day 15 (B) after
oncoretrovirus injection. At the peak of immune response (day 15), increased 18F-FAC
retention is observed in lymph nodes and spleen (C). %ID/g = percentage injected dose per
gram; B = bone; BL = bladder; GI = gastrointestine; LN = lymph node; SP = spleen; TU =
tumor. Reproduced from ref. 55 with permission.
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Fig. 2.
Monitoring of the accuracy of delivery of SPIO-labeled DCs using MRI. Black arrow
denotes the inguinal lymph node (A) and white arrow indicates that the location of labeled
DCs not in the lymph node but in the perinodular fat (B). Reproduced from ref. 81 with
permission.
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Fig. 3.
Noninvasive imaging of DCs migration into lymph nodes using NI fluorescence imaging.
After DCs were labeled with NIR-emitting QDs, they were injected into the hind-leg
footpad, and the migrations of injected DCs into lymph node were monitored by in vivo NIR
imaging system. Reproduced from ref. 110 with permission.
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Fig. 4.
Multifunctional perfluorocarbon nanoemulsions (upper panel) was designed and used for
labeling and imaging of DCs in vivo with NIR optical imaging and MRI (lower panel).
Reproduced from ref. 130 with permission.
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Scheme 1.
Schematic diagram of molecular imaging of cell-based cancer immunotherapy.
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