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Cellular therapy can be defined as the transplantation of living cells
for the treatment of medical conditions. Three main objectives of
cellular therapy are regeneration of damaged tissue, replacement
of function by secretion of biologically active molecules, and
redirection of aberrant processes. Given the complex nature of
these approaches, in vivo tracking of the transplanted cells is
critical to evaluate their potential benefit and to optimize treatment
strategies. Recent advances are reviewed that enable in vivo cell
tracking as an important adjunct to implement cellular therapy in
clinical practice.
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Cellular therapy is the transplantation of living cells for
the treatment of a wide variety of medical conditions.
The concept of cellular therapy has existed for centuries,
starting with the first documented blood transfusion by
Jean-Baptiste Denys in June 1667. Technologic advances
from preclinical and early clinical studies promise to revo-
lutionize treatment for today’s health care problems, for
example, autoimmune diseases, ischemic cardiovascular
disease, and neurodegenerative disorders. Three main
objectives of cellular therapy can be distinguished, each
with individual characteristics that require specific imaging
features (Fig. 1). Cellular therapy can be used for regener-
ation, replacement, and redirection. In regeneration, trans-
planted cells repair damaged tissue, especially in tissues
with limited regenerative potential such as cardiac muscle
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or nervous tissue. In replacement, transplanted cells act as
“active drug” containers, replacing lost cells with a specific
function, such as hormone production. In redirection, trans-
planted cells correct aberrant processes, primarily involving
the immune system, such as an insufficient immune re-
sponse to cancer or an overactive immune response against
self-antigens in autoimmune diseases.

A major hurdle blocking widespread clinical acceptance
of cellular therapy is the fact that the mechanisms un-
derlying success, or failure, are still poorly understood.
Optimization of these complex processes would benefit
greatly from the development of dedicated metrics. These
metrics can be long-term, such as improvement in tissue
function or survival, or short-term, such as direct measure-
ments of the transplanted cell numbers, localization, or
functionality. Fast metrics that are noninvasive and allow
longitudinal or kinetic data are ideal, since they facilitate
early treatment modification.

In vivo imaging is considered to be of pivotal importance
in designing optimal treatment strategies. The clinically
relevant in vivo imaging modalities comprise scintigraphy,
SPECT, PET, and MRI. These techniques have recently
been described (7).

The ex vivo handling of transplanted cells allows
labeling before transfer to the patient, a procedure that is
typically performed using MRI and SPECT. The advantage
to this procedure is that the effect of the label on the
therapeutic cells can be examined before transplantation.
To allow longitudinal imaging, labels with relatively long
lifetimes are needed, such as metal-based labels for MRI
and "'"In for SPECT. The lifetime of the label is restricted
mainly by leakage from the transplanted cells and radioac-
tive decay. In another approach, transplanted cells are la-
beled in situ and assessed repetitively, typically using PET,
with a high sensitivity and short probe lifetimes. Advances
in biotechnology now allow the use of imaging reporter
genes, such as metal-binding proteins for MRI (2) or in-
tracellular viral enzymes and cell membrane receptors for
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FIGURE 1. Cellular therapy offers hope
for treatment of today’s most prevalent
diseases, including cancer and cardio-
vascular diseases. Transplanted thera-
peutic cells essentially perform 3 main
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binding radioactive tracers. The main advantage of reporter
gene imaging is that only viable cells with intact intracel-
lular machinery can translate the gene into a protein that
can be visualized. Furthermore, its transcription can be
placed under the control of another gene, allowing tran-
scription only in specific predefined conditions.

In all cases, it is essential to distinguish the relevant cells
from all other cells and tissue, that is, specificity and
sensitivity must be evaluated (3). Preferentially, an ana-
tomic context is generated to localize the cells in the var-
ious tissues. Although this is inherent in MRI, it must be
acquired using a complementary modality (typically CT)
for SPECT and PET. Restrictions on scanner availability,
cost, radiation exposure limits, and patient discomfort
should be considered in developing multimodal imaging
strategies.

Here, we review upcoming developments that may faci-
litate translation of cellular therapy to clinical practice.

REGENERATION

Transplanted stem cells need to relocalize to damaged
sites and engraft, proliferate, or differentiate to restore
tissue function—an immensely complex process. To date,
the main applications are in neurodegenerative diseases (4)
and ischemic cardiovascular disease (5), both of which in-
volve tissues with limited regenerative potential. Particu-
larly in cardiovascular disease (6), in vivo tracking of
transplanted cells has revealed that only a small percentage
of transplanted cells home to the myocardium after intra-
venous or intracoronary injection (7), partly explaining the
limited clinical results. Direct injection into the myocar-
dium resulted in slightly higher numbers of cells in the
myocardium, but this technique demands skilled personnel
and intracardiac navigation. Furthermore, successful regen-
eration of myocardium requires that the transplanted cells
remain viable and functionally intact. In this respect, the
optimal origin and phenotype of transplanted stem cells and
the exact mechanism of action are often not known. Al-
though many strategies have been proposed to optimize
stem cell engraftment, suitable imaging tools for in vivo
cell tracking are essential for proper evaluation (8). To-
gether, the ideal imaging protocol would allow assessment
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of cell localization, number, viability, and differentiation
while allowing for long-term monitoring.

To assess the number and localization of transplanted
stem cells, both MRI and scintigraphy/SPECT have com-
monly been used. The clinical role of MRI in tracking
progenitor cells in cardiac diseases is limited (9), although
it obviates the use of radioisotopes in cells with high pro-
liferative potential and a long life span. Because SPECT
allows dual-isotope imaging, it is often combined with **™Tc-
tetrofosmin to provide information on myocardial viability,
motility, and perfusion—important outcome measurements.
However, to record long-term cell fate and function, the de-
velopment of PET reporter genes for radionuclide detection is
needed, as described elsewhere (/0). Cardiac imaging at high
resolution remains technologically challenging, even with
electrocardiography triggering.

REPLACEMENT

From a mechanistic point of view, human cells can func-
tion as a versatile exocrine production unit that integrates
seamlessly into its natural environment, acting in response to
dynamic signals. In this setting, the transplanted cells should
be long-lived and perform their function in a stable manner.
An example of cellular therapy as a “continuous, active drug
infusion” is the transplantation of cadaveric human pancreatic
islet cells to replace autologous insulin-producing pancreatic
islets in patients with autoimmune diabetes. Despite extensive
research, islet graft viability and functionality remain poor.
The mechanisms for graft failure include harsh isolation pro-
cedures and an inadequate host microenvironment, both of
which directly impair the viability of the transplanted cells.
Furthermore, immune responses directed against the alloge-
neic transplanted cells cause a progressive loss of pancreatic
islets. Thus, parameters that need to be assessed are viability
and the number of transplanted islets, because islet function-
ality can vary. Issues in imaging islets have been reviewed
recently (/7).

Using MRI, the fate of labeled transplanted islet cells has
been assessed after intraportal infusion in diabetic patients
(12). The number of hypointense spots on MRI did not
correspond with the number of transplanted cells, nor was
there any association with clinical outcome in terms of
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glucose homeostasis (/3). On the other hand, MRI cell
tracking has been clinically successfully used to qualita-
tively assess the homing and engraftment of injected den-
dritic (/4) or mesenchymal (/5) stem cells. Although
superparamagnetic MRI labels, unlike radiolabels, are not
restricted by radioactive decay, this method is less suitable
for quantification and direct visualization of function (/6).
A novel class of “F-based MRI contrast agents with no
physiologic background signal has recently been developed
(I7) and is suitable for quantification directly from the
imaging data. Although this technique is under develop-
ment, the combination of anatomic information and quan-
titative functional information makes '°F MRI an attractive
modality for in vivo cell tracking.

REDIRECTION

In contrast to cellular therapies that exploit the exocrine
functions of cells, other pathologic processes require direct
cell—cell contact and paracrine function, that is, therapeutic
cells and target cells need to be near each other. In this case,
transplanted cells may be short-lived but perform special-
ized functions at the relevant site. An example is dendritic
cell-based vaccination in cancer patients to induce cancer-
specific immune responses, particularly in lymph nodes. It
has been previously demonstrated that correct delivery to
lymph nodes is crucial for the induction of antitumor
responses (Fig. 2) (/). In the case of adoptive T cell cancer
therapy, the manipulated cytotoxic T cells need to home to
cancer lesions to exert their function. Improvement of hom-
ing of adoptively transferred T cell lesions translates into an
improved clinical outcome (/8). Given these considerations,
the main parameters that need to be evaluated are the number
of cells and the tissue localization of the transplanted cells,
with the implication being that labels used for in vivo im-
aging might be short-lived but quantifiable. The main im-
aging modalities used in clinical studies are scintigraphy
and MRI. The sensitivity of scintigraphic imaging depends
on the amount of activity that can be loaded per cell (/9)
but generally allows quantification of approximately 10*
labeled cells. The role of scintigraphy in optimizing the

route of vaccination in dendritic cell-based vaccination
has been described previously (7).

The main drawback of scintigraphy is its lack of ana-
tomic detail. Although lower in cost and widely available,
single-modality scintigraphy is increasingly being replaced
by SPECT/CT. The radiolabels that are typically used are
Uln and %°™Tc, with a half-life of 2.8 d and 6 h, respec-
tively, or '8F, with a half-life of 2 h. These brief half-lives
restrict the time in which the radiolabels can be detected in
vivo; for dendritic cell-based vaccination this time might
be sufficient, whereas in adoptive T cell transfer this time is
much shorter than the lifetime of the transplanted cells.
Logistic issues are also introduced, as the entire process
from label synthesis to imaging must be performed in a short
time. Lastly, label retention within cellular compartments
must also be characterized, as imaging modalities typically
detect just the label regardless of whether it is contained in the
relevant cells, lost to the extracellular matrix, or transferred to
other cells. It has become clear that **™Tc is not as suitable as
Uln for labeling cells because of higher leakage of the °™Tc
(20). '®F-FDG has proven to be of little value for in vivo
tracking because of massive release from the cells (21).

Main challenges in this area of in vivo imaging lie in the
combination of exact localization of transplanted cells with
simultaneous measurement of their specialized functions.
In this respect, PET offers great opportunities; it reveals
a 3-dimensional image of functional processes. PET
extends the advantages of scintigraphy (quantification)
and SPECT/CT (localization) with tracers that can be
injected systemically to label the relevant cells in situ,
allowing sensitive longitudinal whole-body scans measur-
ing functional processes. For example, melanoma patients
have been imaged with 3’-deoxy-3’-!'3F-fluorothymidine
PET at various time points to determine the kinetics of
dendritic cell-induced immune responses (22). Another in-
teresting approach is exploiting PET to image reporter
genes, as recently reviewed by Yaghoubi et al. (/0). The
first clinical application was in a patient with grade IV
glioblastoma multiforme treated with ex vivo expanded au-
tologous cytotoxic T cells, genetically engineered to express
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a tumor cell-targeting moiety and the herpes simplex virus 1
thymidine kinase. PET showed that transplanted cells can be
traced with 9-(4-!8F-fluoro-3-[hydroxymethyl]butyl)guanine.
Although safety concerns exist about the viral origin of the
reporter genes, techniques are now being developed to cir-
cumvent these issues (23). Unfortunately, because of the lack
of anatomic information, PET cannot be used for real-time,
image-guided injections. With MRI having been successfully
used for monitoring accurate cell delivery in real time (24),
combined PET/MRI may soon become the preferred in vivo
cell-tracking mode.

CONCLUSION

Because no single imaging modality offers all cell-
tracking options concurrently, multimodal imaging is
needed. Imaging strategies to follow cell fate remain to
be developed and customized for each individual type of
study. This process involves everything from selecting the
imaging modality to developing suitable labels and labeling
techniques, characterizing labeled cells, imaging, quantify-
ing, and assessing the excretion or metabolic fate of the
label. Such studies may be logistically and financially
challenging, as they often involve several clinical depart-
ments and tight time schedules. However, given the current
shift toward tailoring treatments to individual patients and
the significant costs involved in cellular therapy, we
envision that in vivo cell tracking will become an integral
part of clinical cellular therapy.
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