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Cell-based therapies have beenmaking great advances toward clinical reality. Despite the increase in trial activity,
few therapies have successfully navigated late-phase clinical trials and received market authorization. One possi-
ble explanation for this is that additional tools and technologies to enable their development have only recently
become available. To support the safety evaluation of cell therapies, the Health and Environmental Sciences Insti-
tute Cell Therapy—Tracking, Circulation and Safety Committee, a multisector collaborative committee, polled the
attendees of the 2017 International Society for Cell & Gene Therapy conference in London, UK, to understand the
gaps and needs that cell therapy developers have encountered regarding safety evaluations in vivo. The goal of
the survey was to collect information to inform stakeholders of areas of interest that can help ensure the safe use
of cellular therapeutics in the clinic. This review is a response to the cellular imaging interests of those respond-
ents. The authors offer a brief overview of available technologies and then highlight the areas of interest from the
survey by describing how imaging technologies can meet those needs. The areas of interest include imaging of
cells over time, sensitivity of imagingmodalities, ability to quantify cells, imaging cellular survival and differentia-
tion and safety concerns around adding imaging agents to cellular therapy protocols. The Health and Environ-
mental Sciences Institute Cell Therapy—Tracking, Circulation and Safety Committee believes that the ability to
understand therapeutic cell fate is vital for determining and understanding cell therapy efficacy and safety and
offers this review to aid in those needs. An aim of this article is to share the available imaging technologies with
the cell therapy community to demonstrate how these technologies can accomplish unmet needs throughout
the translational process and strengthen the understanding of cellular therapeutics.

© 2021 Published by Elsevier Inc. on behalf of International Society for Cell & Gene Therapy.
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Introduction

Cell-based therapies are making great advances toward clinical
reality. This is encouraging news, as these advanced therapy
medicinal products [1] offer a therapeutic opportunity for several
currently incurable diseases, including blood-borne cancers [2�5],
immunodeficiency disorders [6,7] and degenerative diseases [8�10].

The number of clinical trials investigating cell-based therapies is
increasing, which is a good indication that there are tractable targets
with promising therapeutic interventions. This increase also suggests
that these putative therapies have satisfactory pre-clinical evidence
of safety and efficacy. The increase in clinical trials, particularly phase
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3 trials, also indicates that effective and current good manufacturing
practice-compliant manufacturing processes have been developed
for these complex products.

Despite the increase in clinical trial activity, very few therapies
have successfully negotiated late-phase clinical trials and received
marketing authorizations. Why is this the case? One possible reason
is that it could simply be a matter of time, particularly in the case of
adoptive immunotherapies. Although the concept has been around
since the 1980s [11], the tools and technologies to enable commer-
cialization of these therapies have only relatively recently become
available. However, this is not necessarily the case for other thera-
pies, such as stem cell-derived cellular therapies. Globally, trials for
stem cell-based therapies number in the thousands (ClinicalTrials.
gov) and have been pursued for decades. Scale-up manufacturing
processes, although not optimal, have been available for some time,
and the safety profile for some types of cell-based therapies (e.g.,
mesenchymal stromal cells [MSCs]) appears favorable. Indeed, autol-
ogous and allogeneic bone marrow transplants are widely used ther-
apeutic options.

As more therapies are being developed and assessed, the Health
and Environmental Sciences Institute (HESI) formed the Cell Ther-
apy—Tracking, Circulation and Safety (CT-TRACS) Committee to com-
bine the minds of stakeholders across the private and public sectors
of academia and industry with regulators to enhance confidence in
Figure 1. Results of the 2017 CT-TRACS stakeholder survey (“Assessing the needs for cell-b
tract research organization; ISCT, International Society for Cell & Gene Therapy; Pharma, pha
the safe use of cell therapy technologies. The mission of CT-TRACS is
to improve the safety of cell-based therapies for patients by enhanc-
ing our ability to reliably apply analytical methods, devices and scien-
tific knowledge to evaluate the distribution and fate of these cells in
patients. To achieve these goals, CT-TRACS is divided into two sub-
committees: (i) point of administration/biodistribution assessment
and (ii) tumorigenicity assessment. Together, the two subcommittees
polled the attendees of the 2017 International Society for Cell & Gene
Therapy Annual Meeting to understand the gaps and needs that cell-
based therapy developers encounter at the stage of safety evalua-
tions: in vivo. The goal of this survey was to collect the information
necessary to inform stakeholders of priority areas in need of develop-
ment to ensure the safe use of cellular therapies in the clinic and to
determine whether technologies and tools currently available in clin-
ical settings could successfully meet those needs.

The majority of survey participants were professionals having at
least 6 or more years of experience in the cell therapy field, with a
mix of those from academic and pharmaceutical/biotechnology sec-
tors. This suggests representation of cell therapies at a range of devel-
opment stages, from pre-clinical to commercialization.

The survey results indicated that, if they could, therapy develop-
ers would like to be able to track cells from point of administration
up to several months post-transplantation (Figure 1). Approximately
60% of survey respondents did not know how long the therapeutic
ased therapies translation”), administered at the 2017 ISCT Annual Meeting. CRO, con-
rmaceutical.
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cells in their product survived in the body. These therapeutic cells
were both immune therapeutic cells and stem cell-derived. Most
respondents indicated that their therapy was intended for systemic
administration; as such, there is a requirement to demonstrate that
the therapeutic cell has reached the disease site and is not accumulat-
ing at a site where it may cause harm. Equally, if a cell therapy is sur-
gically implanted or delivered directly to the disease site via a
catheter, it may be important to determine whether the cells remain
at the site for the duration necessary to be efficacious.

We also know that regulatory authorities would like therapy
developers to employ cell tracking technology, if it were available, to
use in clinical trials [12�17]. The authors’ survey asked therapy
developers if in vivo tracking of cells was important for determining
the efficacy and safety of cell therapies. The results indicated that 76%
of respondents believed it was, with the majority of these indicating
that both pre-clinical and clinical tracking of the cells is required.

Consequently, the HESI CT-TRACS consortium believes that the
ability to fully understand therapeutic cell fate is vital for determin-
ing and understanding cell therapy efficacy and safety. Because we
are concerned that the lack of efficacy and safety data could become
a major block to cellular therapies becoming a mainstream therapeu-
tic option, we set out to provide an overview of technologies for in
vivo cell tracking. In this article, the authors review technologies that
have the potential to track cells from point of administration up to
several months post-transplantation. The authors explore how they
could be used and/or adapted to address the unmet needs indicated
by survey participants and regulatory authorities. The topics the
authors discuss align with areas of need that were expressed by the
survey respondents.

Cell Tracking Technologies: A Concise Review of Clinically
Applicable Tools and Methodologies

Cellular imaging techniques tend to fall into two categories: direct
and indirect labeling. Direct labeling involves the incorporation of a
label or probe with the cells of interest prior to administration, and
indirect labeling involves the genetic modification of cells to incorpo-
rate a reporter gene. Numerous reviews of cellular imaging technolo-
gies exist [18�22], so a brief review of emerging and clinically
applicable technologies is included in the following sections. Tech-
nologies are grouped primarily by imaging modality, and a discussion
of co-developed and multimodal approaches is included. These meth-
ods are further explored later, when the applications of the technolo-
gies will be discussed in more detail surrounding the survey
respondents’ imaging needs and concerns.

Early means of assessment

Having an indication of the biodistribution profile of a cell thera-
peutic product is important, as it provides supportive information for
the interpretation of pharmacology studies. Furthermore, knowledge
regarding the distribution profile of the cell product could guide the
design of toxicological studies. Consequently, for optimal design of
the pre-clinical package, it is most favorable to start biodistribution
studies at the beginning of the development phase. In these studies,
methods such as quantitative polymerase chain reaction (qPCR) tech-
niques or immunohistochemical labeling specific to the cell product
are currently often utilized.

Early biodistribution assessments can help in choosing an animal
model for and determining the duration of toxicology studies. Using
a small number of animals at continuous study intervals will develop
a basic understanding of these endpoints. Later biodistribution stud-
ies can be combined with ongoing good laboratory practice safety
studies to conserve animals and contain program costs.

These good laboratory practice safety studies most commonly uti-
lize PCR techniques or immunohistochemical labeling for cell
product-specific antibodies for in vivo cell detection. The use of qPCR
is labor-intensive and expensive, requiring dedicated laboratories
with separate sampling processing, reagent preparation and amplifi-
cation/product detection areas to minimize the possibility of cross-
contamination. DNA and RNA can be isolated and purified from a
variety of tissues, body fluids, cells in culture and other biologic sam-
ples. Extraction procedures must be optimized to provide the highest
quality real-time qPCR results, and both quality and yield of extracted
nucleic acid samples must be assessed prior to being used in the PCR
assay. As the cells from a tissue are often pooled to deliver the DNA
and/or RNA for the analyses, information on the spatial distribution
of the cells within a tissue cannot be deduced. However, the total
number of cells present in a tissue or organ could be quantified with
this technique.

Immunohistochemistry is often employed as a technique for bio-
distribution analysis. This method requires the proper preservation
of the tissue after the animal is sacrificed to make tissue slices that
can be stained with specific antibodies, enabling discrimination of
the (human) cell product from the tissue cells of the animal. Conse-
quently, this method will reveal qualitative information on the spatial
distribution of the cells within the slices of the respective tissue or
organ; however, quantification of the total product cells present in
the tissue is not possible.

Knowledge regarding cell survival of the cell product in the ani-
mal model, exposure to the product and distribution profile will thus
determine the design of the toxicology program and support inter-
pretation of pharmacology studies in animals, but it may also aid in
determining the design of a potential clinical biodistribution study.

Single photon emission computed tomography: indium and technetium
applications

Single photon emission computed tomography (SPECT) is one of
the two main nuclear imaging modalities commonly used in both the
clinic and pre-clinical research. SPECT images give three-dimensional
quantitative or semi-quantitative information on the distribution of
radioisotopes across either the whole body or selected anatomical
regions. SPECT is commonly used with x-ray computed tomography
(CT) in dedicated SPECT-CT scanners, with CT providing anatomical
contrast based on tissue density to supplement the radionuclide-
based SPECT image. SPECT image contrast is produced via the detec-
tion of photons (i.e., gamma rays) released during the decay of certain
radioactive isotopes, allowing a three-dimensional tomographic
image to be reconstructed using a specialized algorithm. This gives
quantitative measurements of radioactivity biodistribution under
optimal conditions and appropriate calibration. As photon energy is
dependent on the isotope, simultaneous imaging of multiple isotopes
is possible when their photon energy levels are sufficiently separated,
allowing the biodistribution of more than one labeled cell type or
molecule to be tracked with one scan.

The range of isotopes commonly used with SPECT includes metallic
(indium-111 [111In] and technetium-99m [99mTc]) and non-metallic
(iodine-123 [123I] and iodine-125 [125I]) isotopes, allowing labeling of
cells, antibodies and small molecules, with half-lives between hours
and days, suitable for tracking over a few hours to a week or more. For
more than three decades, SPECT imaging has been established in the
clinic for tracking autologous leukocytes to diagnose areas of inflam-
mation, most commonly following direct labeling of cells with either
111In-oxine or 99mTc-hexamethylpropyleneamine oxime (HMPAO)
prior to injection [23,24]. This labeling involves incubation of the cells
with the radiolabel for approximately 20�30 min before separation of
the cells and/or washing to remove unbound tracer before dosing of
the cells into the patient. Although diagnostic use of direct cell labeling
is established for SPECT imaging, this has rarely been used in the clinic
with cell therapies because of concerns of cytotoxicity inhibiting lon-
ger-term cell survival or affecting therapeutic phenotype. With SPECT,



Table 1
Selected examples of cell tracking with nuclear imaging.

Imaging modality Cell type Information obtained

SPECT MSCs (111In-oxine)
Hematopoietic progenitor
cells (111In-oxine,
99mTc-HMPAO)

Leukocytes (111In-oxine,
99mTc-HMPAO)

Dendritic cells (111In-oxine,
99mTc-HMPAO)

Success of delivery (% cells in
target location)

Longitudinal retention
Biodistribution
Within-organ heterogeneity
Migration/homing
Inter-patient variability

PET Islet cells (18FDG)
Hematopoietic progenitor
cells (18FDG)

Bone marrow cells (18FDG)
T cells (89Zr-oxine)
Natural killer cells
(89Zr-oxine)

MSCs (89Zr-oxine)

Success of delivery (% cells in
target location)

Longitudinal retention
Biodistribution
Within-organ heterogeneity
Migration/homing
Inter-patient variability

Figure 2. PET/CT images of a 65-year-old man with a history of anterior wall infarc-
tion. After percutaneous intervention, 18F-FDG-labeled stem cells were injected via an
intracoronary catheter. PET/CT images were obtained 2 h after injection. Stem cell
accumulation at the myocardium is well visualized (arrow). The total amount of stem
cells at the myocardium was 2.1% of the injected dose. Reproduced with permission
from [35] � Society of Nuclear Medicine and Molecular Imaging (2006).
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this is due to the amounts of radioactivity needed to produce a suffi-
cient signal, which has caused significant time-dependent toxicity in
in vitro assessments of MSCs [25], hematopoietic progenitor cells [26]
and lymphocytes [27] labeled with 111In. However, some examples of
clinical use do exist, including tracking of primed dendritic cells for
cancer therapy with 111In-oxine and 99mTc-HMPAO labeling [28],
labeling of MSCs for cirrhosis therapy with 111In-oxine and tracking up
to 10 days post-injection [29] and tracking of 99mTc-labeled bone mar-
row mononuclear cells in stroke patients for 24 h [30]. Use of SPECT
isotopes with longer half-lives (68 h for 111In versus 6 h for 99mTc) has
the benefit of allowing cells to be tracked for longer; however, this
must be weighed against the potential for greater radioactive exposure
and hence toxicity to cells. In addition to tracking cells following direct
labeling, more recent work on reporter genes for SPECT has demon-
strated the possibility of tracking cells for longer periods of time,
although this has yet to be demonstrated with SPECT in patients
(Table 1).

Positron emission tomography: fluorodeoxyglucose and zirconium

Positron emission tomography (PET) is the other main nuclear
imaging technique commonly used in research and the clinic. PET
image contrast is produced via the simultaneous detection of two pho-
tons (gamma rays) of 511 keV, which are released at 180 degrees from
each other following the annihilation of the positron emitted from the
imaging isotope when it encounters an electron in the host tissue. Like
SPECT, PET is also often commonly used together with CT in a com-
bined PET-CT scanner, with CT providing anatomical information and
soft tissue contrast. PET has the benefits of allowing a lower dose of
radioisotope to be given to the patient and shorter scan times.

Positron-emitting isotopes commonly used include fluorine-18
(18F), zirconium-89 (89Zr), gallium-68 (68Ga) [31] and copper-64
(64Cu). Although no cell tracking techniques reliant on direct labeling
and PET imaging are routinely used in the clinic, a couple of direct
labeling options exist, including fluorodeoxyglucose ([18F]FDG) and
89Zr-oxine. The metabolic tracer [18F]FDG was initially developed for
diagnosing tumors, in which uptake is high because of their increased
glycolytic rate, allowing detection with PET imaging. However, glu-
cose uptake is fairly good in most cell types, so [18F]FDG can be read-
ily used for labeling cell therapies via a short incubation with the
tracer prior to their in vivo transplantation. FDG is widely available,
and its clinical and pre-clinical use is well established in oncology,
which makes it a convenient agent for the alternative use of tracking
therapeutic cells. The main limitation here, however, is the 110-min
half-life of 18F, meaning that in practical terms the transplanted cells
will only be traceable over the first few hours after transplantation,
and the signal will be gone by the following day. This short half-life
has the benefit of reducing radioactive dosing of patients as well as
radioactive dose to the cells but does not allow the longer-term
migration of cells to be followed over days or weeks.

A handful of informative examples of clinical PET imaging of cell
therapies with FDG exist for a range of therapies (Table 1, Figure 2)
[32�36]. Although these do not show migration of cells past a few
hours post-transplantation because of the short half-life of 18F, they
indicate the degree of variability to be expected between patients in
terms of successful delivery, heterogeneity of distribution within the
target tissue, areas of off-target delivery and kinetics of retention and
clearance following injection. With transplanted islet cell delivery,
hot spots have been seen across the lobes of the liver, with variability
in retention between lobes in each patient, consistent with embolism.
In myocardial studies, retention of cells within the infarction varied
over 10-fold between two populations of cells investigated [34]. This
clearly illustrates the potential utility of cell tracking in investigating
optimization strategies for both delivery routes and cell type at the
clinical stage.

The recent development of 89Zr-oxine as a radiolabel for cell
tracking with PET imaging comes out of decades of use of 111In-oxine
with SPECT imaging. As with 111In-oxine and [18F]FDG labeling of
cells, this relies on a short incubation (20�30 min) with the label
before cells are washed/separated and injected into patients. The
potential advantage of 89Zr versus 111In-based labeling strategies is
that 89Zr can be imaged with PET, which has a higher sensitivity of
detection than SPECT. Both 89Zr-oxine and 111In-oxine are taken up
by cells because of their high lipophilicity, and they show comparable
retention in cells [37]. As 89Zr has a much longer half-life than 18F
(78.4 h versus 110 min), this extends the period of time over which
cells can be tracked in practical terms from a few hours for [18F]FDG
to a week or two for 89Zr-oxine.

Some pre-clinical examples give an idea of the relevant informa-
tion that might be gained on the in vivo behavior of cell therapies
using 89Zr-oxine labeling and PET imaging. Homing or co-localization
to tumors has been shown with cytotoxic T cells [38], chimeric anti-
gen receptor (CAR) T cells [39] and gd T cells [40]. In another example
of immunotherapy, adoptively transferred natural killer cells were



Table 2
Cell types tested with iron oxide and fluorine probes and respective applications.

Cell type Application
Fluorine-labeled Iron oxide-labeled

Dendritic cells [78,79,82]
T cells [83�85]
Hematopoietic stem
cells [80]

Neuronal stem cells [86,87]
MSCs [89,90]
Natural killer cells [91]

Neuronal stem cells
[62,66]

MSCs [63,69,94]
Natural killer cells
[64,65]

Cardiac stem cells [68]

On-/off-target delivery
Biodistribution
Homing
Migration
Immune response
Cell survival
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tracked up to 7 days in rhesus macaques, showing initial delivery to
the lungs and subsequent migration to the liver and spleen [41].
Although 89Zr-oxine cell tracking has not yet progressed to the clinic,
the positive results obtained in a large animal study as well as the
favorable comparison with the clinically established 111In-oxine
make this a promising labeling method for tracking cell therapies.
The half-life similar to 111In-oxine would allow tracking over days to
weeks, with increased sensitivity of PET reducing the amount of
radiolabel needed to label cells, suiting this better to use with thera-
peutic cells that might need to retain their viability and phenotype.
White blood cells [92]
Mixed cell populations [88]
Magnetic resonance imaging: iron oxide and fluorine technologies

Magnetic resonance imaging (MRI) is a common non-radioactive
diagnostic tool that provides sensitive non-invasive means of imaging
detailed anatomy throughout the body. MRI uses a strong magnetic
field to align the spins of magnetic resonance (MR)-visible non-radio-
active nuclei so that they create a net magnetization. The perturbation
of this alignment and the resulting relaxation and realignment pro-
duce a detectable radio frequency that can be used for imaging. Hydro-
gen-1 (1H) nuclei are most frequently used for MRI because of the
abundance of protons within the water and fat of biological tissues.
However, other MR-visible nuclei, including carbon-13 (13C), fluorine-
19 (19F) and phosphorus-31 (31P), can be detected using MRI. Agents
that alter the magnetic field surrounding native protons or are ele-
ments that are directly detectable by MRI have been applied to label-
ing and imaging cellular therapeutics [20]. Application of these
techniques has been employed both clinically and pre-clinically, opti-
mizing their utility at varying magnetic strengths and scan sequences
(Box 1). Two commonly applied agents for imaging cellular therapies,
iron oxides and fluorine, are discussed in the following sections.

Iron oxide has a long history of being used to label cells for detec-
tion by standard MRI (T2- and T2*-weighted 1H MRI) [42�44], creat-
ing a darkening effect or negative contrast when the iron inside the
cells creates a localized disruption of the surrounding magnetic field.
Iron imaging is a sensitive technique for MRI, and even nanomolar
concentrations of iron are able to alter the magnetic field, providing
detection of the labeled cells [45]. Iron has been utilized as dextran-
coated superparamagnetic iron oxide (SPIO) nanoparticles [44,46,47]
that may be applied with transfection agents or other means to boost
uptake depending on a cell’s phagocytic nature [45]. SPIO has been
Box 1. Administration and misadministration. (A) 19F-labeled NK cells were injected intracra
success and delivery failure of labeled NK cells (left to right respectively). Reproduced with
dritic cells. MRI before dendritic cell vaccination (left), with the inguinal lymph node to be inj
dritic cells were not accurately delivered into the lymph node (black arrow) but into the sub
from [52] � Springer Nature (2015). NK, natural killer.
utilized to image numerous cell types pre-clinically [48�51], with
several published clinical applications [18,50,52�58]. Recently, feru-
moxytol, an ultra-small SPIO (USPIO) nanoparticle, the only Food and
Drug Administration-approved commercially available iron oxide
nanoparticle in the United States for treating iron-deficiency anemia,
has been used in clinical settings as an in vivo stem cell labeling agent
in arthritis, a macrophage-imaging agent in tumors and arterial
lymph node stability and a blood pool agent by MRI [59�61]. Feru-
moxytol has also been further developed and utilized to label and
track many stem and immune cell types, albeit off-label (Table 2)
[62�69]. Using ferumoxytol-based labeling and MRI [62], homing of
therapeutic natural killer cells at the tumor sites in vivo has been
shown to be an important early biomarker for prediction of longitudi-
nal tumor response, with secondary endpoint measures such as
tumor volume reduction over time [65]. In clinical settings, ferumox-
ytol has been applied in the direct labeling of cells in a laboratory set-
ting before injection (ClinicalTrials.gov identifier NCT01172964)
[62,66] and/or in in vivo direct labeling in patients (ClinicalTrials.gov
identifier NCT02893293) [63,70]. SPIO imaging sensitivity, balanced
with utilizing proton MRI for both cellular location and anatomical
context, has its advantages and disadvantages. Depending on the
application, distinguishing between natural background, pathologies
that also cause darkening of the signal (e.g., blood pooling) and
labeled cells may be difficult with regard to both detection and quan-
tification [71]. The use of 1H MRI allows for quick integration into
standard clinical practice of MRI (both pre- and post-administration
scans), with the potential to perform whole-body scans [45]. Iron
imaging products continue to be developed and produced for
nially to treat medulloblastoma. Images demonstrate successful administration, partial
permission from [93] � Springer Nature (2019). (B) Imaging the administration of den-
ected, with cells identified by black arrow. MRI after injection (right) showing that den-
cutaneous fat adjacent to the lymph node (white arrow). Reproduced with permission



ARTICLE IN PRESS

6 B.M. Helfer et al. / Cytotherapy 00 (2021) 1�17
standard MRI and, additionally, for visualization by magnetic particle
imaging, where signals arise directly from 1H nuclei, to monitor the
fate of cellular therapies [72�74].

Non-radioactive fluorine (19F) is an alternative source of MR con-
trast that is currently being applied in the clinic. Perfluorocarbons
that have a long history in human health as blood substitutes [75,76]
are now being applied to track cellular therapeutics. Unlike iron
oxide-based contrast, where the signal is derived from the relaxation
effect on local water protons, the 19F signal arises from the 19F nuclei
themselves. Compared with its earlier predecessors, which give a
weak signal because of the inherently low sensitivity of 19F MR, the
clinical compound for cellular imaging is composed of many chemi-
cally identical fluorine atoms, yielding a single major spectral reso-
nance detectable by fluorine MRI [77]. Cells can internalize many
emulsion droplets, allowing as few as thousands of cells to be
detected by 19F MRI [78]. The label is taken up by simple co-incuba-
tion with the cells of interest for 4�48 h under normal culture condi-
tions and without transfection agents [79,80]. After washing away
residual label and administering the cells, they are then imaged by
combining a 19F MRI scan with a 1H scan, giving a fluorine-specific
image in its anatomical context that can be used to quantify the num-
ber of cells present [78,79]. The short T1/T2 (longitudinal/transverse
relaxation time) of the reagent has demonstrated clinical sensitivity
at 3T magnetic strength using a 9-min fluorine acquisition [81]. This
compound has also been tested extensively on a number of cell types
(Table 2), with a number of comprehensive data sets evaluated and
published in peer-reviewed journals [78�80,82�92].

Ultrasound

Ultrasound is one of the most widely used clinical and pre-clinical
imaging modalities owing to its relatively low cost, portability and
rapid image acquisition. The ultrasound waves are either scattered or
reflected by boundaries between tissues within the body generating
image contrast. This facilitates delineation of structures such as
blood, vessel walls and muscle. However, more dramatic structural
differences, such as those between soft tissue and bone or air cavities,
can distort and mask regions, preventing whole-body imaging.

Microbubbles (MBs) are the most frequently used contrast agents
in ultrasound imaging. Gas-filled, phospholipid-coated MBs are
highly echogenic owing to the mismatch in acoustic impedances
between the gas and the surrounding tissue and their non-linear
oscillations under pulsed ultrasound [95]. This allows tissue function
and perfusion to be imaged across organs, with applications in car-
diovascular, liver and renal disease as well as diagnostic cancer imag-
ing [96] and drug delivery.

MBs have been used to directly label neural progenitor cells in
vitro, allowing their detection in vivo after intravenous infusion in
mice (Table 3) [97]. However, the relatively large size necessary to
induce sufficient contrast and short half-life of standard MBs mean
they are not ideal for cell labeling and tracking. This has led to inno-
vative methods for initiating ultrasound contrast within grafted cells,
including intracellular aggregation of silica nanoparticles within
human MSCs [98]; targeting of systemically administered MBs to cell
surface markers specific to grafted rat endothelial progenitor cells
[99]; and genetically encoded, gas-filled, protein-shelled compart-
ments within Halobacterium [100] and mammalian cells [101].
Table 3
Summary of ultrasound applications of cellular imaging.

Cell type Application

Neural progenitor cells [97]
MSCs [98]
Endothelial progenitor cells [99]
Bacteria and archaea [100], human
embryonic kidney 293T cells [101]

Neurodegenerative diseases, stroke
Cardiovascular disease, neovascula-
rization

Genetically encoded gas vesicles
These approaches still suffer from the disadvantages of poor con-
trast, high background signal and lack of quantitative data. However,
by combining ultrasound contrast agents with 1H or 19F MRI, nuclear,
CT or photoacoustic cell imaging approaches, quantitative data on
whole-body distribution and long-term cell retention can be acquired
[102�105]. This multimodal approach becomes more impactful
when combined with non-invasive, ultrasound-guided delivery of
cells directly to the specific target organ [106,107]. Using this
method, both needle position and cell injection can be assessed in
real time, informing upon the success of cell delivery. The short-term
nature and low specificity of ultrasound labeling methods do not
detract from this approach, as live images can be acquired during
injection, allowing cell-mediated changes in contrast to be immedi-
ately visualized and injection sites delineated.

Expanding upon ultrasound technologies, photoacoustic imaging
involves excitation with light and detection with ultrasound, typi-
cally of certain fluorophores. The technique has recently come to clin-
ical use, although not for cell tracking purposes [108]. Currently, the
only clinically approved agent for photoacoustics, sometimes called
multispectral optoacoustic tomography, is the dye Indocyanine Green
(IC-Green). IC-Green has been used for cell labeling for imaging with
photoacoustics [109,110]. In general, photoacoustics is an emerging
technology and thus remains an open field, with a lack of clinically
approved agents optimized for cell tracking and little known about
sensitivity for cell tracking. The technique, however, offers several
advantages, such as a lack of invasiveness and background. It is a bed-
side technique, with a scanner similar to ultrasound scanners. Thus, it
holds a lot of potential for future application with cell imaging.

Indirect imaging: reporter genes

Indirect labeling using a reporter gene imaging paradigm allows
for reliable, stable visualization of cellular trafficking, persistence,
proliferation and function at the target site [22]. Genetically labeled
cells can be repetitively imaged for a long period of observation
(months). The genetic nature of this method (i.e., stable integration
into the cell genome) permits in vivo labeling of the progeny of
injected cells. Using inducible genetic reporter systems, functional
imaging of cell activation, cytokine signaling and pro-apoptotic
events is feasible and can be performed in pre-clinical experiments
and clinical settings [111] with picomolar concentrations of radio-
tracer administered in vivo.

Both human and non-human genes have been used as reporter
genes (Table 4, Figure 3). The major impediment to the translation of
virus- and bacteria-derived reporter gene imaging approaches into
clinical practice is the immunogenicity of these non-human-derived
reporter proteins. This is especially important when repetitive
administration of a reporter gene or long-term monitoring of trans-
gene expression is required, which could potentially be compromised
by an immune reaction against this foreign protein. To circumvent
this problem, several human-derived reporter genes have been pro-
posed for nuclear imaging, including a genetically engineered pros-
tate-specific membrane antigen (NdelPSMA) (by PET [112]), the
human sodium/iodide symporter (NIS) (by SPECT [113] and PET
[114]), engineered human thymidine (by PET [115]) and deoxycyti-
dine kinases (by PET [116]), to name just a few; a comprehensive list
has recently been compiled by Ashmore-Harris et al. [22]. It is
expected that new human-derived reporter genes will be translated
into clinical applications that require repetitive imaging for effective
monitoring of various genetic and cellular therapies.

Multimodal imaging: addressing limitations

Cell imaging is complex, and the imaging needs may vary within
each application. For example, a small number of cells can be injected
in a localized manner in deep tissue or a large number of cells can be



Table 4
Reporter gene/reporter probe imaging studies.

Human reporter gene/imaging
modality

Probe (half-life) Optimal approximate
probe biodistribution time

Primary probe
excretion route

Probe overlap with normal
tissue(s)

hdCK mutants/PET 18F-FEAU (109 min) 1 h Renal Intestine, gallbladder, kidneys,
bladder

124I-FIAU (4.18 days) 1 h Renal Intestine, gallbladder, thyroid,
stomach, kidneys, bladder

hTK2 mutants/PET 18F-L-FMAU (109 min) 1 h Renal Intestine, gallbladder, kidneys,
bladder

hNIS/PET and SPECT 124I-iodide (4.18 days) 2 h Renal Salivary gland, thyroid, stomach,
kidneys, bladder[18F]BF4� (109 min) 1 h

123I (13 h), 99mTcO4- (6 h) 1 h
hNET/PET and SPECT 18F-MFBG (109 min) 4 h Renal and hepatobiliary Salivary gland, intestine, kid-

neys, bladder123I-MIBG (13 h) 12 h
124I-MIBG (4.18 days) 24 h Renal and hepatobiliary Salivary gland, intestine, thyroid,

kidneys, bladder
hERL binding domain/PET 18F-FES (109 min) 1 h Renal and hepatobiliary Intestine, liver, kidneys, bladder
hSSTr2/PET 68Ga-DOTATOC (68 min) 1 h Renal Kidneys, bladder
D2R/PET 18F-FESP (109 min) 3 h Renal and hepatobiliary Intestine, liver, kidneys, bladder
Membrane-anchored anti-PEG

antibody/PET

124I-PEG-SHPP (4.18 days) 24 h Renal and hepatobiliary Liver, thyroid

anti-DAbR1 fragment/PET 86Y-AABD (15 h) 24 h Renal and hepatobiliary Liver, intestine
CEA/PET 124I anti-CEA antibody fragment

(4.18 days)
24 h Renal Thyroid, kidneys

PSMA/PET 18F-DCFPyL (109 min), 68Ga-PSMA-11
(68 min)

15�30 min Renal Intestine, liver, kidneys, bladder

Ferritin/MRI Endogenous Fe Iron accumulation varies Dense, hypointense tissues
Water channel AQP1/MRI Endogenous water
OATP Gd-EOB-DTPA/111In-EOB-DTPA

(2.8 days)/ICG
30 min to 2 h Renal and hepatobiliary Liver, kidneys, gallbladder, blad-

der, intestine

Data taken from [117�122].
anti-PEG, anti-polyethylene glycol; AQP1, aquaporin 1; CEA, carcinoembryonic antigen; DAbR1, DOTA antibody reporter 1; D2R, dopamine 2 receptor; Fe, iron; 68Ga, gallium-68;
hdCK, human deoxycytidine kinase; hERL, human estrogen receptor alpha ligand; hNET; human norepinephrine transporter; hNIS, human NIS; hSSTr2, human somatostatin
receptor subtype 2; hTK2, human thymidine kinase 2; OATP, organic anion transporting polypeptide; PSMA, prostate-specific membrane antigen.
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injected systemically. No imaging modality is perfect (Table 5). Thus,
in practice, multimodal imaging is used to overcome these issues.
Almost all cell imaging experiments at the pre-clinical level include a
fluorescent agent with other imaging agents to allow for fast and
easy confirmation of the presence of label in the relevant cells using
histology; thus far, the literature reports bi- and tri-modal agents
Figure 3. HSV1-tk was fused in-frame with the hygromycin phosphotransferase gene and
using [18F]FHBG, which is an 18F-radiolabeled analog of the anti-herpes drug penciclovir, [18F
lation. The [18F]FHBG PET imaging was performed in a patient with a recurrent right frontop
CAR T-cell infusions. Allogeneic CAR T cells and IL-2 were injected intratumorally (red arr
images were fused with MR images (bottom panels), and 3D volumes of interest were drawn
of [18F]FHBG SUV in pre- and post-CTL infusion scans. Reproduced with permission from [111
phocyte; [18F]FHBG, 9-[4-[18F]fluoro-3-(hydroxymethyl)butyl] guanine; HSV1-tk, herpes si
T1W, T1-weighted.
[123,124]. Clinical cell tracking has used only single modality agents,
the vast majority with PET or SPECT tracers [125,126], and proof-of-
principle studies with 1H MRI [52] or 19F MRI [81].

One approach that could be readily translated to the clinic
involves the addition of IC-Green, a clinically approved fluorescent
dye, to iron oxide nanoparticles, which would allow both
expressed as a fusion protein. Through imaging of HSV1-tk reporter gene expression
]FHBG trapping in the brain tumor could be imaged, which corresponds to CTL accumu-
arietal glioblastoma (A) before and (B) 1 week after tumor-specific HSV1tk-transduced
ows). Tumor recurrence was monitored by T1W MRI (top panels). The [18F]FHBG PET
using a 50% [18F]FHBG SUVmax threshold (outlined in yellow). (C) Voxel-wise analysis
] � American Association for the Advancement of Science (2017). CTL, cytotoxic T lym-

mplex virus 1-thymidine kinase; SUV, standard uptake value; 3D, three-dimensional;



Table 5
Visual assessment of the performance of the main imaging types in different categories, such as applicability to humans and sensitivity.

Adapted from [123,127]; note that assessment may change over time, as technologies are continually evolving. Color coding: green indi-
cates a “good” or “high” rating, yellow “intermediate” and red “poor” or “low.” This is an approximate indication, as actual performance will
depend on a combination of multiple factors, such as the application, setting and imaging parameters.
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fluorescence and MRI [128]. A major issue that needs to be addressed
is a practical one: image co-registration when different scanners are
used. Solutions include both software developments and special
imaging hardware, such as subject holders [129,130].

Co-development of a multimodal imaging probe or simply
employing more than one of the described modalities would remedy
the shortcomings of any one imaging agent. Direct labeling
approaches, for example, dilute out with cellular expansion, limiting
the quantification and detection of cells with time. Combining one of
these approaches with a reporter gene or other non-dilutive technol-
ogy would allow for longer-term monitoring of cellular distribution.
Another example, 1H MRI, although having several advantages, does
not allow for the initial imaging of cells that are in the lungs after sys-
temic administration. The challenge of detecting cells in this context
is that the air-filled lungs appear dark by MRI [131�133]. When
imaging the lungs in this setting, other modalities and probe detec-
tion can be applied to visualize cells [78,132,134�136]. Throughout
the following sections, common research interests are examined for
different probes, expanding further on the limitations and advan-
tages of various probes. When looking at Table 5, it is important to
keep in mind that none of the categories listed rank poorly across all
applications. By combining more than one approach or even a probe
that is multimodal, researchers could satisfy their imaging needs if
they could not be achieved by one probe alone.

Common Interests in the Application of Imaging Technologies

Based on the surveys conducted at the 2017 International Society
for Cell & Gene Therapy Annual Meeting in London, UK, the following
topics discussed are those most desired by or of concern to the survey
respondents. To address these subjects, the previously outlined
methods will be highlighted.

Cellular monitoring: observing persistence and homing over time

The invasive nature of classical pathology precludes the repetitive
monitoring of cellular trafficking in the same living organism over
time. The persistence and homing of therapeutic cells in the recipient
could potentially be investigated by repetitive imaging using clinically
applicable techniques, including direct ex vivo cell labeling and in vivo
indirect reporter gene imaging paradigms. All categories of non-inva-
sive cellular tracers (PET, MR, etc.) have the ability to trace cells over
time to some extent. Interest in following the homing and persistence
of cells by survey respondents varied between immediately after
administration to days, weeks and months later. The span of applicable
time adds complexity when weighing the different technologies. Some
probes (FDG) have shorter half-lives, limiting the span of time in which
they are effective, whereas 89Zr has the ability to be detected for a
week or longer [37]. MR probes, which do not decay over time, can be
detected so long as the cell population remains viable. Fluorine-labeled
T cells have been observed from day of infusion to 21 days post-
administration without loss of detection [85]. Iron-based agents have
been detected from 7 days (Figure 4) [63] in studies of bone decom-
pression to 6 months [50] in islet transplants depending on the activity
of the cells. In further considering direct and indirect labeling
approaches, cells that are directly labeled will exhibit dilution of the
label between daughter cells with time. With these probes, the ques-
tion of desired sensitivity and quantification also plays a role. Upon
division, the cells and their probe are still detectable since the quantity
of signal (especially with MR) is not diminished if the cells remain in
the same region of interest; only the ability to quantify the signal
would be altered upon multiple replications. With indirect labeling
approaches, where cells are actively producing the means of their
detection, so long as the administered probe that binds is able to find
its target, cells will be able to be detected.

Sensitivity

The sensitivity of an imaging technique is dependent on the inher-
ent detection threshold of the label and modality and the amount of
specific label taken up per cell. Sensitivity ranges in theory between an
individual cell to thousands or millions of cells. Sensitivity can also
refer to limits of detection as far as depth of cellular population, envi-
ronment in which the cells are located or image resolution.



Figure 4. Serial imaging of ferumoxytol-labeled bone marrow cells. (A) T1W, T2W and x-ray images of the right femur show osteonecrosis (arrows) in the femoral epiphysis with
typical fat-equivalent center and serpiginous borders. (B) At 24 h after intravenous injection of ferumoxytol, the normal bone marrow in the iliac crest shows hypointense (dark)
enhancement (asterisks) on T2-weighted MR images. (C) One week after core decompression and injection of iron-labeled bone marrow cells, a hypointense (dark) signal is noted
in the decompression track (arrows), consistent with delivery of iron-labeled cells. (D,E) MRI follow-up at 4 weeks and 24 weeks after core decompression and transplantation of
labeled cells shows decline in iron signal over time. The femoral epiphysis did not collapse during this 6-month follow-up period. Reproduced with permission from [63] � Ameri-
can Association for Cancer Research (2018). STIR, short tau inversion recovery; T1W, T1-weighted; T2W, T2-weighted.
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PET and PET probes, which offer high sensitivity, have higher sen-
sitivity than SPECT imaging by one to two orders of magnitude. PET
does not use lead collimators to achieve spatial discrimination,
thereby greatly increasing the proportion of emitted photons col-
lected by the detectors. Instead of collimators, PET achieves spatial
information on probable isotope location based on the co-incident
detection of the two simultaneously released photons by opposite
detector panels [137]. As positron annihilation and the release of
detectable photons occur at an average distance of 1�2 mm from the
source of the isotope, depending on the positron-emitting isotope
used, not only does effective image resolution vary between isotopes,
but the resolution is also somewhat lower with SPECT, where pho-
tons are released directly from the radioisotope [137]. This is usually
more than compensated for by the higher sensitivity of PET com-
pared with SPECT.

The sensitivity of contrast-enhanced cellular 1H MRI depends on
(i) the physiochemical properties of the selected contrast agent, such
as chemical structure, surface chemistry and r1 and r2 relaxivities (e.
g., gadolinium versus iron oxide, dextran-coated versus chitin-
coated); (ii) the type and nature of the target cells, such as cell types,
their uptake mechanisms and doubling time; (iii) target tissue/organ
environment; and (iv) MRI signal acquisition, such as magnetic field
strength, imaging sequences and parameters. A major consideration
in using SPIO/USPIO labeling for MRI cellular tracking has been dilu-
tion of the contrast agent due to cellular division and the consequent
decrease in the ability to detect the signal by MRI for an extended
period—for example, months—depending on the nature of the cells.
Additionally, since SPIO/USPIO is biodegradable and enters iron met-
abolic pathways, signal dilution can occur as a result [138,139]. In
several studies, labeled stem cells were tracked post-administration
and permitted the non-invasive visualization of cell engraftment
and/or cell migration in specific locations: CD34-positive hematopoi-
etic stem cell incorporation into tumor neovasculature [187], neural
progenitor cell migration to sites of spinal cord injury [140] and brain
tumors [66], natural killer cells to liver tumors [64,65], cardiac stem
cells in heart repair [68] and MSCs to the orthopedic environment
[67,141]. These studies showed that such labeled stem cells were vis-
ible by MRI at 1 week to 3 months after administration
[64,66�68,94,140�143]. The studies also showed that as little as
4 ng/voxel can be detected by MRI. Transplanted SPIO-labeled pan-
creatic islets in patients have been tracked by MRI for up to 6 months
post-transplantation [50].

Similar to iron, the sensitivity for detecting 19F-labeled cells
depends on a number of features. The chemical structure of the 19F

probe and the number of detectable, spectrally similar 19F atoms will
influence sensitivity, in that the more chemically similar the fluorine
atoms, the better the resolution [144,145]. Perfluoropolyether, with a
single major spectral peak (i.e., chemically identical fluorine atoms),
has been used clinically to image transplanted cells and will be the
structure further considered here. Detection relies on the number of
fluorine atoms within the cell. Fluorine uptake directly correlates
with cellular size—that is, larger cells, such as dendritic cells, take up
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more label than smaller induced pluripotent stem cells [146]. Other
factors that influence sensitivity are scan time and magnetic field
strength. Clinical use of fluorine-labeled dendritic cells demonstrated
that less than 3£ 104 cells could be detected per voxel using a clinical
3T scanner and 9-min image acquisition time when cells were
labeled with 1 £ 1012 to 1 £ 1013 fluorine atoms per cell [81]. A voxel
is a user-defined imaging unit that can vary from a millimeter cube
to an entire organ. Smaller cells labelled with 1 £ 1011 fluorine atoms
per cell would require approximately 1.5 £ 105 cells/voxel for detec-
tion [82]. Pre-clinical studies, where scan times and magnetic field
strengths can be higher, demonstrate improved limits of detection
but may be limited by milligram/kilogram dosing strategies in which
the overall administered dosage will be lower in small animal studies.
These studies, however, allow for the assessment of entire organs by
nuclear magnetic resonance spectroscopy to quantify overall biodis-
tribution of cells [147]. MRI probes, in general, do not suffer from lim-
its of detection based on tissue depth, but they may require coil
mapping or optimization before use depending on the type of coil/
system being used. Fluorine probes, which are detected via 19F MRI,
generate “hot spot” detection without the limitation posed by the
natural proton signal intensity of tissues. However, like iron oxide
labeling, dilution of fluorine contrast agents due to cellular division
decreases the MR signal and limits the duration over which cells can
be tracked.

Quantification

Quantification refers to the ability to enumerate the presence of an
administered cellular product both quantitatively and qualitatively,
both of which will be distinguished in this discussion. Direct labeling
approaches (when cells are labeled prior to administration) provide
more quantitative measurements than indirect labeling approaches,
which tend to be more qualitative. Cellular populations prone to rapid
expansion, especially when directly labeled in advance, will lose the
ability to quantify exact cell numbers as the label is divided among
daughter cells, but they retain qualitative estimations.

For PET and SPECT applications, the proportion of a radiolabeled
cell population present in a tissue can be estimated using decay-cor-
rected measurements of PET/SPECT signal in specified regions of
interest for quantification. This typically gives a percentage of the
administered transplanted cells that are now present in a given tis-
sue, with the caveat that at least four sources of opposing error pre-
vent exact quantification. First, label can leach from cells over the
course of time, potentially giving an underestimation of the propor-
tion of cells present. Second, the radiolabel may be retained in cells
that have died, leading to a possible overestimation of viable cell
numbers in tissue. Third, label leached out of cells can accumulate in
certain tissues, including the bones or organs of excretion, leading to
an overestimation of the proportion of cells in these areas. Finally,
when cells proliferate, their label will be diluted out among their
progeny, leading toward an underestimation of cell number in cases
where cells are dividing rapidly (although this is less of a concern in
non-dividing or slowly dividing cell types).

Together, these factors mean that it is not possible to quantify cell
number precisely following direct labeling and nuclear imaging;
however, some of these factors can be taken into account when ana-
lyzing data to improve estimates of cell number. These problems are
not unique to SPECT or PET imaging of directly labeled cells and usu-
ally operate to some degree with direct labeling strategies for MRI
and other modalities.

Stable genetic labeling of adoptively transferred cells with
reporter genes can be used to circumvent the temporal limitations of
ex vivoradiolabeling, such as a relatively low attainable level of radio-
activity/concentration per cell, as well as the limited period of moni-
toring due to radiolabel decay, cell division and biological clearance.
By contrast, stable reporter gene expression by adoptively transferred
therapeutic cells allows for high temporal resolution/longitudinal
monitoring and more accurate cell quantification over time. Several
groups established the correlation of PET signal with cell number,
and they characterized the cellular limit of detection for PET imaging
using human and mouse cells transduced with different reporters,
resulting in a limit of detection below 105 cells in 0.1 mL volume of
region of interest [122]. This level of sensitivity enables effective
assessment of cell localization at target sites and assessment of hom-
ing in vivo. Defining the levels of sensitivity of reporter gene imaging
will be useful in guiding the development of novel cellular therapeu-
tics utilizing this technology in the future.

Quantitative 1H MRI of iron oxide-labeled cells is currently per-
formed by measuring the iron content in each cell (pg/cell) via relax-
ometry and inductively coupled plasma mass spectrometry,
obtaining the R1, R2, R2* values (per second) at the target locations,
and calculating the total number of cells using the relaxivities of the
iron oxide agent (r1, r2, r2* [mM�1 s-1] at specified magnetic field
strength and temperature). Additional quantitative MRI scan sequen-
ces and protocols, such as ultra-short echo time quantitative suscep-
tibility mapping for detection of high iron concentrations in vivo,
quickly and accurately minimizing interference from iron susceptibil-
ity artifact, are under development, which may further allow for in
vivo quantitative cellular MRI [148�150].

Fluorine imaging by MRI, when paired with conventional proton
MRI, gives highly selective detection of fluorine-labeled cells in their
anatomical context [78]. Since fluorine is not native to the human
body, it is also quantitative. Cells labeled ex vivo are measured for
fluorine uptake by nuclear magnetic resonance. Upon administration
to the patient, a fluorine reference can be placed either adjacent to
the patient or within the detection coil for accurate cellular quantifi-
cation [78,81]. A simple calculation of the signal from the reference
compared with the signal from the cellular population, knowing the
cellular labeling efficiency prior to administration, yields the number
of cells in a region of interest. For cellular populations that are not
rapidly dividing, accurate quantification can be maintained. Cellular
populations that are rapidly dividing will still be detectable if they
remain in a similar region; however, quantification loses its specific-
ity with time. An interesting benefit of fluorine imaging is that the
signal detected in the liver corresponds to the non-viable (dead) cell
population [147]. Since the fluorine compound is cleared through the
reticuloendothelial system and any released reagent has short blood
circulation time, the signal from the dead cell population is easily
detected there. This is a common phenomenon across multiple imag-
ing modalities [151]. As a result, intentional cellular migration to the
liver will not be quantitative against the non-viable population when
using modalities that clear through the reticuloendothelial system.

Imaging cell survival

In vivo quantification of cell survival requires cell labeling accord-
ing to one of the two fundamental principles described earlier: the
cell label must (i) remain sufficiently long in the labeled cell to assess
survival and (ii) reflect cellular viability. Assessing viability can theo-
retically be done based on label presence in a cell. However, there are
several pitfalls that depend on the chosen cell labeling strategy.
Direct labeling approaches by both MRI agents (iron oxide and fluo-
rine) and PET agents (radiolabels) are fundamentally affected by label
dilution and have the potential for false-positive signals—for exam-
ple, when labels from non-surviving cells accumulate in macrophages
at the target disease site or non-target organs, including through
clearance of the dead cell fraction or of the label itself during longitu-
dinal imaging [147,152�154]. However, recent advances in iron
oxide particles and imaging protocols have enabled differential
detection of live labeled cells from dead cells and/or scavenging mac-
rophages [94,155,156]. Similarly, radiolabel may leak from both
healthy and dead/dying cells and be transported to other tissues (e.g.,
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bone in the case of 89Zr, kidney in the case of 111In, thyroid in the case
of radioiodine [157,158]).

When reporter genes are employed, signal presence is used to
assess cell survival in indirect cell labeling approaches, but although
signal loss issues are circumvented through the generation of stable
reporter-expressing cells, the approach is also not free of some pit-
falls. Reporters suitable for whole-body imaging can be classified
according to their contrast forming mechanism: (i) substrate conver-
sion to a detectable tracer, (ii) tracer transport, (iii) tracer binding
and (iv) traceable proteins not requiring administered tracers [22].
Class III and IV reporters can potentially be detected in live cells but
also in dying cells and as part of dead cells and cell debris. The extent
of this artifact is a function of intracellular and extracellular reporter
degradation, both processes that remain understudied (except for
fluorescent proteins, which do not have much clinical utility). Hori-
zontal reporter gene transfer from the therapeutic cell to (other)
patient cells can also not completely be ruled out, but this has so far
never been reported in the context of in vivo cell tracking.

Indirect cell labeling offers many opportunities. Reporters based on
substrate conversion (class I), such as luciferases, are frequently used
pre-clinically for assessing cell survival in vivo. Substrate conversion
by luciferases consumes cellular adenosine triphosphate (ATP), and
thus contrast is formed only in live cells [159,160]. Unfortunately, luci-
ferases are only applicable to pre-clinical studies. Analogous convert-
ible substrate/reporter pairs for radionuclide imaging do not exist
because the in vivo generation of radioactivity is impossible. However,
it is possible to design radioactive tracers that become modified
through reporter action, thereby, for example, affecting cellular radio-
tracer washout kinetics. The prime example in this context is the
reporter herpes simplex virus 1-thymidine kinase, which entraps
radioactive thymidine analogues through phosphorylation [161,162].
The radiotracer transport into the cells relies on endogenous transport
mechanisms, whereas the herpes simplex virus 1-thymidine kinase-
mediated radiotracer entrapment is ATP-dependent and thereby
linked to cell viability. Reporters that are active transporters (class II)
can also be linked to cell viability [163]. Transporters require intact cel-
lular membranes in live cells for correct function. Transporters that
have been exploited for cell tracking include the human NIS [164], the
human norepinephrine transporter [165] and the dopamine trans-
porter [166]. NIS, which has been most widely used, is a symporter
that is highly selective for sodium ions but promiscuous for anions
similar in size and structure to iodide, which is exploited for medical
imaging [164]. Radiotracers that are not metabolically trapped in the
thyroid are desirable for imaging and now available for both SPECT
[164] and PET [167, 168] imaging. The symport is driven by the sodium
gradient across plasma membranes of live cells, and the sodium gradi-
ent is maintained by sodium/potassium ion-ATPase [169]. NIS allowed
imaging of live, but not dead/necrotic, cancer cells in tumors
[170�172] as well as, notably, assessment of induced pluripotent stem
cell-derived, hepatocyte-like cell survival after engraftment [173] and
CAR T-cell tumor retention in triple-negative breast cancer models
[114]. NIS has also been widely used for cell tracking in other fields.
Other particularly promising host reporter genes for PET imaging in
this context are a prostate-specific membrane antigen derivative,
which was recently used to track CAR T cells in mouse models [112],
and pyruvate kinase M2, which has been used to track cells in the
brain because of the ability of its radiotracer, 1-((2-fluoro-6-(fluoro-
[18F])phenyl)sulfonyl)-4-((4-methoxyphenyl)sulfonyl)piperazine, to
cross the blood�brain barrier [174].

Cellular differentiation

Imaging cellular differentiation in vivo is desirable in the field of
regenerative medicine. Although it is a niche use, it is difficult to
achieve clinically. Classically, this has been achieved through exami-
nation of histological specimens and performed without in vivo
methods. Tissue-specific differentiation of transplanted progenitors
has been challenging: after delivery, adult progenitor cells often fail
to transdifferentiate into target tissues. Developing technologies
being applied pre-clinically to visualize differentiation include intra-
vital microscopy and tissue- or differentiating stage-specific pro-
moters and reporter genes. For example, embryonic stem cell
differentiation into endothelial-like cells was followed using the
endothelial cell lineage-specific promoter (i.e., vascular endothelial
cadherin promoter), driving expression of a reporter gene that
allowed for longitudinal monitoring of the fate and function of trans-
planted embryonic stem/endothelial cells in the heart [175]. Clinical
application of lineage- and stage-specific reporter systems will allow
for longitudinal non-invasive assessment of the fate and function of
transplanted cells in patients undergoing treatment with stem cells
and committed progenitors, but these technologies have yet to be
translated into clinical reality.

Safety of probes

With regard to safety, there are two avenues to consider: the
safety of the probe to cells and the safety of the probe itself to
patients. The assessment of the safety of the probe to cells, which
includes testing cell viability and functionality (and any characteristic
deemed necessary for the therapeutic), should be addressed through
in vitro studies and, if required, by in vivo animal studies. The dose
and duration of labeling as well as the amount of label taken up by
each cell type can vary for each application [46,79]. Varying cell types
may have different sensitivities to labeling agents and different trans-
port mechanisms for intracellular trafficking and efflux of probes and,
as such, may have varying sensitivities to the labels. Considering this,
the safety of the imaging agent should be evaluated for each new
combination of cell type and labeling probe. These aspects are not yet
covered by regulatory guidance documents for cell therapies,
although these particulars can influence the establishment and inter-
pretation of the biodistribution study.

Whether the administered cells are detected and identified by a
reporter gene or by a radioactive, magnetic or other probe added by
direct labeling, a probe may affect the behavior, differentiation, func-
tionality or proliferation of the cells, and this needs to be taken into
consideration. For instance, reporter genes usually entail genetic modi-
fication to incorporate a reporter gene, the expression of which may
also alter the behavior of the cells. Otherwise, direct labeling of probes
or the manipulations used to incorporate the probe may cause changes
in function or phenotype, such as activation/deactivation of immune
cells, activation of free radical defense mechanisms or impairment of
chemotaxis or motility, or may impact survival and should be consid-
ered or investigated before interpretation of biodistribution study
data. Awareness is present and investigation occurs, as is evidenced by
articles describing the influence of a probe and labeling method on the
functionality of cells. For instance, it was shown that 99mTc-HMPAO
labeling of CD4-positive T cells did not affect viability and proliferation
[176], whereas 99mTc-HMPAO labeling of neutrophils and eosinophils
increased their activation [177,178]. Furthermore, 64Cu-pyruvalde-
hyde-bis(N4-methylthiosemicarbazone) labeling of CD4-positive T
cells minimally affected cell viability, interferon gamma production,
proliferation, DNA damage and intracellular 64Cu distribution, but the
drawback was that only 14% of the radioactivity remained for 24 h
[179]. In another study, labeling gd T cells with 89Zr-oxine resulted in
dose-dependent effects (in millibecquerels per cell) on proliferation,
cancer cell killing, DNA damage and cell death [40]. Finally, labeling of
dendritic cells with SPIO nanoparticles for tracking with MRI appeared
not to affect their viability, phenotype or functionality, as assessed by
T-cell stimulatory capacity, mixed lymphocyte reactions and prolifera-
tion assays [180].

Although reporter gene-expressing cells are less likely to be
affected by the radiotracers used to probe them, as radioactivity per
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cell is typically much less and radionuclides with shorter half-lives
are used, some testing has been performed. Sharif-Paghaleh et al.
[181] showed that regulatory T-cell lines derived from
CD4+CD25+FoxP3+ cells retrovirally transduced with a reporter gene
construct encoding the human NIS and the fluorescent protein
mCherry and radiolabeled in vitrowith 99mTc-pertechnetate (NIS sub-
strate) did not affect cell viability, phenotype or function. Notably,
Volpe et al.[114] very recently demonstrated that neither 99mTc-per-
technetate nor 18F-tetrafluoroborate negatively impacted CAR T-cell
viability or function over a period of several days, with no significant
DNA damage being detected at cellular radiotracer concentrations
comparable to those observed during in vivo cell tracking.

Charoenphun et al. [37] studied the status of cancer cells labeled
with a 89Zr-oxine radiolabel, making use of a reporter gene. A mye-
loma cell line expressing enhanced green fluorescent protein (GFP)
also labeled with a 89Zr-oxine radiolabel to track them in mice using
PET imaging was used to measure in vivo survival and retention of
the radiolabel over a 7-day period [37]. After imaging over the 7-day
period, cells from the distribution target organs and GFP-postive and
GFP-negative cells were sorted, and radioactivity was measured with
a gamma counter. GFP-positive cells remained radioactive, whereas
GFP-negative cells did not, confirming that 89Zr-oxine-labeled cells
followed with PET imaging represented a live cell population.

For the clinical safety evaluation, four factors help assess the
amount of exposure a patient will have to an imaging agent and thus
its potential for adverse effects [182]: (i) the mass dose of the agent
used, (ii) the route of administration, (iii) the frequency of use and
(iv) the agent’s biological, physical and effective half-life. The safety
margin should be 100- or 25-fold toward the no-observed-adverse-
effect level determined in single-dose toxicity or repeated-dose tox-
icity studies, respectively. Investigating genotoxicity pre-clinically is
also encouraged before moving into humans. Imaging agents that are
biologic in nature require both pre-clinical evidence of safety and
Box 2. Can imaging add knowledge and experience to the development of cellular therapeut
edge to draw upon, and these data have shaped the drug discovery pathway, from the idea fo
determine drug safety are also applicable to large molecules and biologics; however, there ar
ical testing may be relevant, but options are limited for autologous and allogeneic cellular th
cellular therapies, but in vivo imaging can play a major part in enabling the gathering of biod
evidence to prove that the cells reach their target will be required, and it is difficult to apply
ment of cellular therapeutics, imaging can help proof-of-concept studies demonstrate mecha
clinical trials. These approaches may help optimize delivery dose and route of administratio
better than others (i.e., responders versus non-responders) and lay the groundwork for co
metabolism and pharmacokinetics.
thorough patient monitoring after use to establish clinical safety
[182]. For the majority of the technologies mentioned in this article
(namely, the ones being used clinically), the initial safety studies to
permit their use in humans have already been completed.

In general, factors taken into consideration with regard to an
agent’s use include reagent formulation; potential for adverse effects
to the cells and the patients, as established through the results of
non-clinical studies; initial clinical experience; and performance. Key
factors determining performance are as follows: (i) ability of the
imaging technology to image non-invasively, (ii) detection specific to
the labeled cell and (iii) not altering the cellular characteristics of the
therapeutic [21]. When considering an imaging agent, the cellular
characteristics should be examined for each different cell type
[51,79,183�185]. With all of these factors considered, it comes down
to what each developer wants to be able to image and what method
fits best into their cellular production without disrupting the func-
tionality of the cellular product (see the modality summaries in pre-
vious sections and Table 5).

Regulatory context

As cellular imaging for cell therapy is relatively new, the regula-
tory requirements for both the imaging probe and the labeled cells
have not yet been clearly defined (Box 2). Although cell-based thera-
pies are generally classified as pharmaceutical products, the status of
imaging probes alone or for labeled cells is less clear because this
depends on their function and the geographical area. In the European
Union, diagnostic probes are classified as pharmaceutical products;
however, for imaging probes used for monitoring cellular therapies,
classification is less evident and could potentially be approached as a
pharmaceutical product, a starting material (for a pharmaceutical
product) or a medical device. Further, if an imaging probe is used
only in combination with therapeutic cells, it is unclear whether a
ics? (A) In the discovery of small molecules, there are decades of experience and knowl-
r a therapeutic target to a licensed product. Many of the in vitro and pre-clinical tests to
e fewer established methods for the field of cellular therapies. Arguably, some pre-clin-
erapies. By and large, the established tools for safety assessment do not transfer well to
istribution data. This will be essential as the field moves to treating solid tumors, where
pre-clinical animal data to meet this need for cellular therapeutics. (B) In the develop-
nism of action. Additionally, imaging stands to play a large role in safety and efficacy in
n, demonstrate efficacy of delivery or migration, show how/why some people respond
-therapeutics. ADME, absorption, distribution, metabolism and excretion; DMPK, drug
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separate classification and resulting set of regulatory requirements
for the probe alone are needed. This issue is particularly relevant if
the imaging probe is intended to be combined with different cellular
therapies. Although a separate set of requirements for the imaging
probe could facilitate the combination of the probe with various cell
products, this does not take into account the potential effect of the
interaction between the probe and the cell type. In the absence of
regulatory guidance on the use of cellular imaging probes, the
requirements for their use, in terms of quality and performance,
should be determined on a case-by-case basis. Ultimately, the data
required for a certain probe will depend on various factors, such as
the combination of the probe and the cell type, previous experience
and development phase of the cell product in which the probe is
used. For development and use of new in vivo labeling probes, some
guidance for the medical imaging agent may be found in a guideline
for probes administered in vivo [182], whereas guidance for cell-
based therapies might be relevant for imaging probes added ex vivo
to the cell therapeutic prouduct [14,16]. Over time, when more expe-
rience has been gained, the regulatory requirements will become
clearer.

Discussion

Cell-based therapies are making great strides toward becoming a
standard therapeutic option for the treatment of disease. Recent
approvals of cellular immunotherapies and MSC therapies highlight
the progress that is being made. As the industry achieves marketing
authorization of cellular therapeutics and new applications (e.g., solid
tumors) enter clinical trials, a greater understanding of the safety
profile of therapeutic cells is required. This includes survival, persis-
tence, proliferation, distribution, differentiation and integration into
the host physiology. These parameters can be evaluated by utilizing
in vivo imaging techniques, such as reporter genes, dyes and particles.
Although one technology may not answer every question, there are
many available that will help answer these safety questions while
additional technologies are moving toward the clinic.

Frangioni and Hajjar [21] introduced eight characteristics of an
ideal imaging technology for tracking cellular therapeutics in the
clinic: biocompatible, safe and nontoxic; no genetic modification or
perturbation to the cell; single-cell detection at any anatomic loca-
tion; quantification of cell number; minimal or no dilution with cell
division; minimal or no transfer of contrast agent to other cells; non-
invasive imaging in the living subject over months to years; and no
requirement for injectable contrast agents. With the advancement of
imaging technologies, some of these points have changed, but the
overarching thesis remains: imaging technologies applied to imaging
cellular therapeutics have to be detectable, quantitative and unique
to the cell and cannot harm or alter the therapeutic. With these
points in mind, the goal is to assess the fate of therapeutic cells in
vivo. Knowing the location, migration, persistence and quantity of
cells at a given location would provide improved understanding and
thus added value to cellular therapy applications. However, what
information (added value) is being missed when imaging is not per-
formed? Imaging addresses more than simply determining where
the cells went, whether they are alive and whether they reached the
target; imaging technologies allow for insight to optimize and speed
along the success of cellular therapeutics.

Only a limited number of clinical trials have incorporated cellular
imaging into the analysis of their therapeutics [50,52�58,81,186].
Hesitance to adopt cellular imaging as part of a clinical trial is driven,
in part, by the belief that inclusion of imaging is not required to fur-
ther mitigate patient risk. In addition, there is a perception that imag-
ing results could lead to findings that could be detrimental to the
therapy’s progress to clinical authorization. In fact, in vivo imaging
can add valuable safety data and the ability to overcome what, with-
out imaging, researchers would not know to address (e.g., redosing
to overcome a non-response or adjusting the route of administration
to allow for more robust delivery or response). The acquisition of
information regarding on-/off-target delivery, correct delivery to the
target site and optimal dosing (i.e., location and quantity of dose) is
valuable as the field of cellular therapy races toward tackling solid
tumors. These measures could also result in an early biomarker of
clinical efficacy: if cells reach the target coordinates with clinical suc-
cess, this could signal early efficacy or, in its absence, the need for
alternative therapy, co-therapy or redosing of the cellular therapeu-
tic. Imaging data would facilitate this type of discussion about the cel-
lular therapy and enable the appropriate exploration. Therefore,
rather than relying on clinical endpoints alone, imaging offers an
opportunity for early confidence in safety and important insights into
the mode of action in vivo.

Although investigators need to consider the availability and suit-
ability of imaging services associated with the chosen clinical trial
delivery center, they need not have concerns over the practicality of
including imaging as part of clinical trials because the use of in vivo
imaging to track cells is familiar to radiology departments across the
globe. Indeed, the base technologies (SPECT, PET, MRI, ultrasound, etc.)
are used routinely for diagnostic procedures numerous times per day.

Cell tracking by imaging at the whole-body level has been part of
the clinical routine for 30 years as it relates to tracking autologous
leukocytes to detect sites of infection/inflammation. Thus far, among
the imaging modalities described elsewhere in this article, only
radionuclide imaging with gamma-emitting radionuclides (scintigra-
phy) has become part of this clinical routine. The standard radiolabel-
ing methodology has been non-specific assimilation of lipophilic,
metastable complexes of 111In (with oxine, tropolone and occasion-
ally other bidentate chelators) and, later, 99mTc. Regenerative medi-
cine and cell-based therapies and new insights into immunology are
creating new roles for tracking stem cells and CAR-expressing T cells
and for imaging the migration of individual immune cell types (e.g.,
eosinophils and neutrophils, T cells and dendritic cells) in cancer, ath-
erosclerosis, stroke, transplantation and asthma. Conventional label-
ing methods have been applied in some of these areas; however, for
clinical use, some of these new applications will require resolution,
quantification and sensitivity (e.g., detecting small numbers of cells)
beyond that achievable with available tracers, creating a need for
improved labels, providing better sensitivity, quantification and reso-
lution of the cellular product.

As reviewed earlier, different methods have different advantages,
and with the advancement of technology over time, there may be an
imaging solution for the broadest of needs. However, there are a pleth-
ora of currently available imaging techniques and probes that can
allow researchers to label and track cells in most clinical and pre-clini-
cal settings. The aim of this review is to raise awareness of these tech-
niques and allow researchers to identify a potential imaging technique
that could lead to generation of valuable safety and mode-of-action
data. Probably of more importance, the authors hope to enable connec-
tion of therapy developers to imaging expertise. This will be essential,
as any therapy developer wishing to benefit from in vivo tracking of
cells will require a multidisciplinary team to match and validate a
technique to provide a fit-for-purpose imaging solution.

When selecting the imaging technique, most probes have solu-
tions for overcoming probe-related toxicities (duration of incubation
time, reduced concentration, etc.), and different methods may over-
come the shortcomings of other technologies. The community within
the HESI CT-TRACS consortium has a wealth of understanding to
both minimize the impact of an imaging technique on the cellular
product and deliver data that will enhance confidence in the ther-
apy’s safety profile. Furthermore, with the changing landscape of cel-
lular therapy, co-development of imaging strategies remains an
appealing option. This would allow for customization of the imaging
solution to meet a developer’s needs. Although it is likely there will
be a combination of probe and modality to meet these needs, this
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community is well placed to develop bespoke solutions or multi-
modal applications should they be required. Such a situation where
an immediate solution would need to be developed is tracking of
long-lived, rapidly dividing cells where repeat imaging is desired.
However, most of the concerns from survey respondents could be
addressed with the application of existing imaging techniques.

Through this article and the activities within CT-TRACS, the authors
hope to have introduced and enhanced the understanding of the capa-
bilities capabilities of in vivo imaging to advance the development of
safe and efficacious cellular therapies. The authors also hope we have
increased understanding to the point that investigators feel able to
include imaging as part of the evidence gathered to demonstrate the
value of their therapy. Throughout the preparation of this article, and
reflected in its authorship, the authors have involved therapy develop-
ers, tool and reagent suppliers and, critically, regulatory authorities,
demonstrating a cross-industry desire for broadening the type and
availability of safety data.
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