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Several types of gene- and cell-based therapeutics are now
emerging in the cancer immunotherapy, transplantation, and
regenerative medicine landscapes. Radionuclear-based imag-
ing can be used as a molecular imaging tool for repetitive
and non-invasive visualization as well as in vivo monitoring
of therapy success. In this review, we discuss the principles of
nuclear-based imaging and provide a comprehensive overview
of its application in gene and cell therapy. This review aims to
inform investigators in the biomedical field as well as clinicians
on the state of the art of nuclear imaging, from probe design to
available radiopharmaceuticals and advances of direct (probe-
based) and indirect (transgene-based) strategies in both pre-
clinical and clinical settings. Notably, as the nuclear-based im-
aging toolbox is continuously expanding, it will be increasingly
incorporated into the clinical setting where the distribution,
targeting, and persistence of a new generation of therapeutics
can be imaged and ultimately guide therapeutic decisions.

Imaging is a quintessential part of gene therapy to understand the
localization, extent, and duration of gene expression of target genes.1,2

Among imaging approaches, radionuclide-based imaging approaches
have several advantages such as high sensitivity and no depth limita-
tion, which provides them with the ability to interrogate function of
the gene (endogenous or exogenous) without perturbing the system
and whole-body readout to understand effects on the target as well
as non-target tissue. Single-photon emission computed tomography
(SPECT) using gamma-emitting isotopes and positron emission to-
mography (PET) imaging with positron-emitting isotopes are two
widely used modalities both in pre-clinical and clinical settings.
SPECT imaging provides three-dimensional tomographic images of
radioactivity distribution in the body, taking advantage of gamma
rays produced by the decay of radioactive isotopes. PET imaging takes
advantage of annihilation of positrons (emitted by decaying radioiso-
topes) with an electron that results in production of collinear photons
of 510 keV that are detected simultaneously to produce a three-
dimensional map of radioactive distribution in the body.3 SPECT is
relatively less sensitive, requiring longer scanning times and higher
radioactivity administration, but it can provide the ability to conduct
simultaneous multitracer studies.4 While non-radionuclide-based
imaging modalities have some ability to provide quantitative infor-
mation, their wide applicability and clinical utility are very limited
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due to a number of factors. PET imaging is a quantitative imaging
modality with exquisitely high sensitivity and can be used for quanti-
fying gene expression that can aid in temporal assessment of output of
gene expression.5 With advances in multimodality gamma cameras,
algorithms for image reconstruction, and compensation techniques
to correct for photon attenuation and scattering, SPECT imaging
can be quantitative.6 Therefore, both PET and SPECT imaging can
be utilized for developing and optimizing gene therapy approaches
in pre-clinical models and translated to the clinic without major bar-
riers to non-invasively measure the efficacy of gene therapy.

Radiochemical probe design and radioisotope considerations

A radiochemical probe, commonly termed as a radiopharmaceutical,
is a radiolabeled entity administered to the subject. Placement of the
radioisotope must not perturb or interfere with binding/biological
properties of the probe toward its biological target. A basic but neces-
sary feature for a radionuclide to be useful for in vivo imaging appli-
cations is that its decay must lead to a photon with sufficient energy
that it can penetrate the body with minimal attenuation and scat-
tering and reach the detectors on the camera to be registered as a
signal. Depending on whether the radioisotope is intended for SPECT
or PET imaging application, the decay properties that make them
ideal are a bit different. The gamma rays emitted by an ideal SPECT
isotope are tipically within a usable energy window of 50–200 keV
and have a high decay efficiency and low abundance of high-energy
gamma rays and particle emissions. The emitted positron of an ideal
PET isotope has to have low energy, a high decay efficiency, and a low
abundance of concurrent photon emissions in the 450–650 keV
energy window and lack other gamma or particle emissions. High
positron energy is not ideal because the positron travels much longer
distances before annihilating with the electron, thereby creating high
uncertainty in determining its position, which leads to reduced image
resolution. Generally, short-lived isotopes (half-life [t1/2] < 4 h) used
for imaging-based applications are produced using in-house
cyclotrons or generator systems, while the long-lived isotopes
(t1/2 > 12 h) can be produced on cyclotrons or linear accelerators
(LINACs) or nuclear reactors at a different site and shipped across
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Table 1. Radioactive isotopes used for cell labeling

Radioisotopes Half-life
Imaging
modality Emissionsa Production method Radiolabeling method Biological vectors

11C 20.3 min PET b+ (99.8%) cyclotron covalent small molecules, peptides

13N 9.97 min PET b+ (99.8%) cyclotron covalent small molecules, peptides

18F 109.8 min PET b+ (96.7%) cyclotron
covalent and chelator, AlF-
NOTA

small molecules, peptides

64Cu 12.7 h PET b+ (17.4%) cyclotron chelator-based, DOTA peptide antibodies, nanoparticles

67Ga 3.25 days SPECT
g (93.3 keV, 38.8%; 184 keV, 21.4%;
300 keV, 16.6%)

cyclotron
chelator-based, DOTA,
DTPA, HBED

peptide antibodies, nanoparticles

68Ga 68 min PET b+ (88.9%) generator system
chelator-based, DOTA,
DTPA, HBED

small molecules, peptides

72As 26 h PET
b+ (87.9%), g (834 keV, 81.0%; 629
keV, 8.1%)

cyclotron & generator
systems

covalent, trithiol chelators peptide antibodies, nanoparticles

76Br 16.2 h PET

b+ (55.1%), g (559 keV, 74%; 657
keV, 15.9%; 1,854 keV, 14.7%; 1,216
keV, 8.8%; 2,951 keV, 7.4%; 2,793
keV, 5.6%)

cyclotron covalent
small molecules, peptide antibodies,
nanoparticles

77Br 57 h SPECT g (239 keV, 23.1%; 521 keV, 22.4%) cyclotron covalent
small molecules, peptide antibodies,
nanoparticles

89Zr 3.3 days PET b+ (22.7%), g (909 keV, 99.0%) cyclotron chelator-based, DFO peptide antibodies, nanoparticles

99mTc 6 h SPECT g (141 keV, 89.0%) generator system
chelator-based, N2S2, N3S,
and others

small molecules, peptides

111In 67.2 h SPECT g (245 keV, 94.1%; 171 keV, 90.6%) cyclotron
chelator-based, DOTA,
DTPA

peptide antibodies, nanoparticles

123I 13.2 h SPECT g (159 keV, 83.3%) cyclotron covalent peptide antibodies, nanoparticles

124I 4.18 days PET
b+ (22.9%), g (603 keV, 62.9%; 1,691
keV, 11.2%; 723 keV, 10.4%)

cyclotron covalent peptide antibodies, nanoparticles

125I 59 days SPECT g (27.5 keV, 6.7%), X-rays reactor covalent peptide antibodies, nanoparticles

131I 8.02 days SPECT
g (364 keV, 81.5%; 637 keV 7.2%; 284
keV, 6.1%)

reactor covalent peptide antibodies, nanoparticles

aOnly positron or photons in >5% yield relevant to PET/SPECT.
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states or countries depending on the half-life. There are several PET
and SPECT isotopes with suitable decay properties that make them
good candidates for imaging applications. The general consensus
among the imaging community based on the principle of minimizing
the radiation dose to the subject is to choose a radioisotope whose
half-life is in the same range as the half-life of the radiochemical
probe. Therefore, small molecules and peptides that have relatively
short biological half-lives are labeled with short-lived isotopes,
whereas antibodies and nanoparticles that have long biological half-
lives are radiolabeled with longer-lived isotopes. However, depending
on the application, the density of the target, and the pharmacokinetics
of the probe, these general rules can be changed to develop an optimal
imaging probe. Table 1 provides a list of medically useful isotopes and
their decay properties, including types of emission and half-life.

While the physical decay properties form the basis of detection, the
chemical properties of the radionuclide, its radionuclidic and chemi-
cal purity, and its chemical form determine how it can be incorpo-
rated into a biological vector. Table 1 also lists the general method
on how the radionuclide can be incorporated into the radiochemical
448 Molecular Therapy: Oncolytics Vol. 20 March 2021
probe to facilitate imaging. Covalent attachment to themolecule is the
most stable way to incorporate a radionuclide to the radiochemical
probe without imparting any charge to the molecule. Carbon-11, ni-
trogen-13, fluorine-18, bromine-76/77, and iodine-123/124/125/131
are the most commonly used isotopes for such purposes. Because
many small molecules (natural products as well as synthetic drugs)
contain these elements in their framework, with a suitable chemical
approach the stable isotope can be replaced in the radioactive isotope
without changing the structure of the molecule. Because these ele-
ments can be incorporated directly onto amolecule and do not impart
a charge, they can be appended to many small molecules without
drastically impacting the structure or the binding of the molecule to
its target. While the properties of the resulting radiochemical probes
are ideal, the challenge is in developing suitable chemistry that will
provide a radiochemically pure compound in high yield, and several
seemingly simple small molecules remain inaccessible due to such
challenges in chemistry. The most widely used radioisotopes for im-
aging applications are metals that cannot be directly incorporated
onto a molecule. Metals require a chelator (a polydentate binding
ligand) that has high affinity for metal to ensure facile incorporation
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onto the molecule and high kinetic and thermodynamic stability to
ensure in vivo stability of the radiochemical probe. Chelators are
bulky appendages, and the resulting metal-chelate complexes are
not neutral in most cases and impart charge to the molecule. There-
fore, metal chelates are most commonly used for incorporating radio-
metals to peptides, antibodies, and nanoparticles. Due to the ease of
labeling and high stability of the resulting complexes, radiometals
are most extensively used in the clinic as well as for developing new
radiochemical probes.7 These are the general considerations for
choosing a particular radioisotope for labeling a molecule that can
act as an imaging probe for gene therapy applications.

Direct and indirect cell labeling do offer whole-body non-invasive
tracking capabilities both preclinically and clinically. Herein, we
discuss the existing and emerging applications of nuclear imaging us-
ing direct and indirect approaches in (1) gene therapy and (2) cell-
based therapies.

Direct versus indirect imaging

Gene expression imaging using radionuclide-based probes can be
performed using direct or indirect approaches.8 The direct approach
involves developing a radiochemical probe that interacts directly with
the gene product introduced using gene therapy and localizes in a cell
in a concentration-dependent manner. This type of approach is appli-
cable when the target gene product is an enzyme, transporter, or a
neo-antigen that is unique to the target cell.9 Radiolabeled probes
can act as substrates for enzymes or transporters or as proteins or
molecules with high-affinity binding to the unique target antigen.
However, gene therapy can involve introducing a gene product that
is not targetable/easily accessible (e.g., nuclear or mitochondrial pro-
teins, single nucleotide variants) or gene silencing. In such scenarios a
surrogate gene, also called as reporter gene (e.g., herpes simplex virus
type 1-thymidine kinase [HSV1-tk], norepinephrine transporter
[NET], sodium iodide symporter [NIS]), that can be targeted using
a radiochemical probe can be expressed as a fusion protein or as a
separate protein using bi- or multi-cistronic vectors that will ensure
a stoichiometric expression of the gene product.10–14 For gene therapy
involving RNAi technology, direct labeling of RNAi with a suitable ra-
diolabeled conjugate can provide information about the delivery of
the vector.15 Irrespective of the type of imaging approach, the design,
function, and pharmacokinetic behavior of the radiochemical probe is
the most crucial determinant in ensuring that the signal obtained us-
ing the radiochemical probe directly correlates to the efficacy of gene
therapy.

Direct labeling of cells: principles and considerations

Direct labeling uses ex vivo labeling of cells prior administration into
animal models and/or humans. Labeling can be performed artificially,
by incubating cells with a wide number of ready-to-use contrast
agents. This method has been successfully applied to track a variety
of cell types.16–20 Some labels are introduced into cells by a lipophilic
chelator and subsequent binding to intracellular proteins, while the
chelator leaves the cell. Transfection agents are also used to help
the label enter the desired cells. They are usually cationic molecules,
polymers, or liposomes/lipoplexes with positively charged head
groups that neutralize the plasma membrane electrostatic charge by
interacting with the negatively charged phospholipids in the inner
layer. Another method is based on electroporation. This technique
enables the passage of the cell label through the cell membrane by
increasing its permeability.

Cells can also be ex vivo labeled by exploiting their cellular processes
(e.g., receptor-mediated internalization, phagocytosis). Macrophages
can be successfully marked via their phagocytic function and used to
depict tumor-associated macrophage (TAM) infiltration at the tu-
mor21,22 or active migration to inflammatory lesions.23–25 Cells are
incubated with the desired imaging agent and then washed multiple
times to remove the unlabeled radiotracer. Radioactivity of cells
and washes is measured using an automated gamma counter. Cell-la-
beling efficiency (LE [%]) depends on both labeling conditions and
cell type. It is calculated as follows:

LEð%Þ =
�

activity of cell fraction
activity of cell fraction+ activity of combined washes

�
x10

(1)

Once cells are successfully labeled in vitro, they can be injected into a
living animal. The imaging agent used to label them can be lost over
time due to efflux or dilution.

When efflux occurs and the leaked isotope is not immediately
excreted, its redistribution generates background, rendering it impos-
sible to distinguish between labeled cells and free isotope. Notably, as
the cells continue to actively divide, the label is distributed to the
progeny and is progressively diluted. The overall signal strength is
maintained for a variable amount of time until radiotracer decay
(which depends on the half-life of the radiotracer being used), but
cell expansion is not detectable as the number of individually labeled
cells decreases.26 This limitation makes direct labeling particularly
unsuitable for long-term observation of fast-growing cells (e.g., cancer
cells or expanding T cells). To compensate for signal loss due to decay,
radioisotopes with a longer half-life can be used for both PET and
SPECT. A list of radioisotopes and respective radiolabeled probes
can be found in Table 2.
SPECT isotopes for direct labeling of cells
111In-oxine (t1/2 = 67.2 h; EC/g) is being used in models of myocardial
infarction to identify endothelial progenitor cells,27 hematopoietic
stem cells,28 and cardiomyoblasts29 in less perfused areas. In vivo
monitoring of 111In-oxine-labeled cytotoxic T lymphocytes (CTLs)
revealed that lymphodepletion combined with adoptive transfer of
CTLs increases their recruitment at the tumor site and improves anti-
tumor efficacy in a xenograft model of colon cancer (Figure 1A).30 In
an in-human study, antigen-loaded dendritic cells labeled with 111In-
oxine were injected intradermally in patients with different types of
cancer (i.e., melanoma, colorectal cancer, lung cancer, and myosar-
coma).31 99mTc-HMPAO (t1/2 = 6.02 h; 99% g) imaging was used
Molecular Therapy: Oncolytics Vol. 20 March 2021 449
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Table 2. Radioactive probes for direct cell labeling

Modality Radioactive isotope Radiopharmaceutical probe Half-life Distribution and properties

SPECT

111In 111In-oxine 67.2 h
liver, spleen, bone marrow; only transient
pulmonary uptake; tracer crosses blood-brain
barrier (BBB)

99mTc [99mTc]HMPAO 6.02 h

spleen, liver, kidneys, bone marrow, and bowel;
hepatobiliary and renal excretion; lipophilic tracer
(crossing the plasma membrane); it crosses the
BBB

PET

18F [18F]FDG 109.7 min

in metabolically active organs (brain, heart,
kidneys, liver); after a few hours, it is mainly found
in kidneys and bladder due to its renal excretion;
other sites of physiological uptake are skeletal
muscles, brown fat, gastrointestinal mucosa,
salivary glands, lactating breasts, and
hematopoietic/lymphoid tissues (including
thymus, spleen and bone marrow); tracer crosses
BBB

64Cu [64Cu]PTSM 12.7 h

main distribution in the liver, as the radiotracer is
predominantly metabolized by hepatocytes;
distribution also in the large intestine and
pancreas; minimal activity in the lungs; tracer does
not cross BBB

89Zr 89Zr-oxine, 89Zr-DBN 3.3 days

mainly in the liver; as a result of demetallation, free
89Zr predominantly accumulates in bones, joints,
and marrow because of its high affinity for
electronegative donor atoms (i.e., oxygen and
phosphorus) in hydroxyapatite present in the bone
matrix; tracer does not cross BBB
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to determine neutrophil recruitment in inflamed areas of a colitis
model32 as well as for labeling autologous white blood cells in mouse
models of infectious disease.33 Lukawska et al.34,35 monitored the dis-
tribution pattern of eosinophils and neutrophils pre-labeled with
99mTc-HMPAO in asthmatic patients. 99mTc-HMPAO typically
shows bowel activity owing to hepatobiliary secretion, rendering it
less suitable for in vivo tracking in the abdominal cavity (Figure 3B).33

PET isotopes for direct labeling of cells
18F-FDG (t1/2 = 109.7 min; 97% b+) has been used to label ex vivo a va-
riety of cells;36–38 however, this is not a suitable tracer for the imaging of
lowmetabolically active cells, while the short half-life restricts its appli-
cation to short-term studies (a few hours). The longer half-life of 64Cu
(t1/2 = 12.7 h; 18% b+) compared to 18F allows cells to be tracked for
approximately 2–3 days with PET. 64Cu-PTSM was used to efficiently
label C6 rat glioma cells (70%–85% uptake at 5 h), but it showed a sig-
nificant efflux rate already 24 h after labeling,16 similar to 111In. Howev-
er, while 111In is rapidly excreted through the kidneys,39 64Cu accumu-
lates mainly in the liver, followed by the large intestine and pancreas,40

generating undesirable background. As both 18F and 64Cu have signif-
icant limitations, 89Zr (t1/2 = 78.4 h; 23% b+) was developed as a PET
equivalent of 111In, showing promising labeling and retention in cells
and allowing tracking for up to 2 weeks. Human mesenchymal stem
cells were covalently labeled with 89Zr-DBN.17More recent studies suc-
cessfully used 89Zr-oxine for direct labeling of adoptively transferred
natural killer (NK) cells and dendritic cells,41 chimeric antigen receptor
(CAR) T cells,42,43 and gamma-delta T cells,44 supporting the transla-
450 Molecular Therapy: Oncolytics Vol. 20 March 2021
tion of this methodology into humans for monitoring the in vivo distri-
bution of cell-based immunotherapies (Figure 1B).

Pros and cons of direct cell labeling

Direct labeling of cells is an easy procedure involving exposure of the
cells to (1) a radiometal complex resulting in cellular uptake via diffu-
sion or transport-mediated mechanisms, or (2) by electrostatically or
covalently binding the radioisotope onto the cell surface. Some clin-
ically-compatible radiotracers used for ex vivo labeling can have a
direct impact on cell viability and function. Botti et al.45 demonstrated
that 111In-oxine and 18F-FDG achieve a greater labeling efficiency
than does 99mTc-HMPAO in T cells, but they are responsible for a
progressive reduction of their proliferative ability, with cell death
occurring 8–9 days after labeling, and impaired cytotoxic function.

Importantly, together with the already discussed issues related to label
efflux and dilution, the direct labeling approach does not provide
viability information on the cells, as dead cells will still lead to signal,
thereby impacting the biological interpretation of the generated data.
Indirect cell labeling approaches can overcome many of the above
challenges associated with direct labeling and are discussed in the
following section.

As the ex vivo labeling process does not involve genetic manipulation
of the cells, a few regulatory hurdles for clinical application have to be
overcome, rendering this approach easily translatable into patients for
short-term monitoring of cells and therapeutics.



Figure 1. Application of preclinical direct nuclear

imaging in cell therapy

(A) CT, SPECT, and SPECT-CT images obtained at 2, 24, 48,

and 120 h after 111In-oxine-labeled hemagglutinin (HA)-spe-

cific CTL administration. CT44 HA+ and CD26 HA� colon

tumors were established in the right and left footpad,

respectively. Directly labeled cells using 89Zr-oxine in rhesus

macaques is shown. (B) PET-CT of autologous 89Zr-oxine-

labeled NK cells was performed after infusion and treatment

with deferoxamine. Adoptive NK cell trafficking wasmonitored

for up to 7 days and showed initial localization to the lungs,

followed by a progressive distribution in liver and spleen.

Bladder uptake is due to renal excretion of free 89Zr being

released fromdead/dying cells and chelated by deferoxamine.

All figures adapted with permission from publishers.
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Indirect labeling: principles and considerations

Indirect labeling requires genetic engineering of cells to ectopically
express a reporter gene and ensure its genomic integration and
long-term expression.

Once a suitable expression cassette is designed, reporter genes are
ectopically introduced to cells using (1) viral vectors (retroviral,
adenoviral, and lentiviral based), (2) episomal plasmids (transpo-
sons), or through (3) gene editing.

Reporter gene-expressing cells are expanded in vitro and tested for
radioactive uptake. Cellular radiotracer uptake is expressed as % up-
take and calculated as follows:

%Uptake =

�
countsðcellsÞ

counts ðcellsÞ+ counts of combined washes

�
x100:

(2)

Cells are then injected in the desired living organism, including hu-
mans. Following the systemic administration of a suitable labeling
agent, the reporter gene is in vivo targeted by molecular imaging. A va-
riety of radiolabeled probes for both PET and SPECT were developed
to image specific tumor types and are already clinically approved. They
accumulate where certain endogenous receptors or transporters are
highly expressed. The same probes can therefore be used to image hu-
man-derived reporter genes (such as [111In]DTPA-octreotide for
SSTR246 and [123I]- or [131I]MIBG for NET47,48).

Conventionally, reporter genes are classified as (1) transporters, (2)
receptors, or (3) enzymes. A comprehensive list of radionuclide-based
reporter genes and corresponding imaging probes can be found in Ta-
ble 3.
Indirect imaging in gene therapy

Oncolytic viruses have emerged in the landscape of gene therapy,49,50

and their application to treat a variety of tumor types is currently be-
ing investigated in preclinical studies using non-invasive imaging
strategies. As HSV vectors proved to be successful in the treatment
of several cancers,51–56 it is paramount to monitor their distribution,
delivery, and replication. Bennett et al.57 showed the feasibility of
[124I]FIAU-afforded PET to image HSV1 oncolytic virus with thymi-
dine kinase in a model of human colorectal cancer. This was the first
study to report time- and dose-dependent replication of an oncolytic
virus. [18F]FHBG (9-[4-fluoro-3-(hydroxymethyl)butyl]guanine)-af-
forded PETwas used tomonitor adenoviral-mediated HSV1-tk trans-
gene expression in patients with hepatocellular carcinoma.58 In addi-
tion to serving as a reporter gene, HSV1-tk was also used as a gene
therapy against the tumor. In fact, the kinase is able to convert ganci-
clovir (orally administered into patients) into a cytotoxic compound,
thereby inducing cancer cell death with a bystander effect.58,59

NIS has also been used in a number of gene therapy studies.60–66 The
first reported study with NIS was from Merron et al.67 The authors
incorporated NIS into two different oncolytic adenoviruses (AdlP1
virus based on the adenovirus serotype 5, and AdAM6 virus, encoding
for the hTR promoter driving the expression of the E1 region) to
study their in vivo distribution in colorectal tumor xenografts by
99mTcO4�-afforded SPECT (Figure 1A). In an approach called ra-
dio-virotherapy, Dingli et al.62 also demonstrated that delivering
131I to NIS-expressing viruses amplified their potency against infected
tumors. The same principle was applied by Dingli et al.68 to amplify
tumor targeting and anti-cancer activity of therapeutic 131I by gene
transfer in a model of multiple myeloma.

Indirect imaging in cell therapy

Nuclear imaging is actively used for monitoring the trafficking, hom-
ing, and persistence of cell-based therapies, including adoptive
T cells41,43,44,69–72 and stem cells.73–76

Here, we report relevant studies where direct labeling or multiple re-
porter gene types have been applied for the in vivomonitoring of cell-
based cancer immunotherapies.

In 2003, Koehne et al.77 were the first to demonstrate the feasibility of
long-term in vivo monitoring of cytolytic T cells (CTLs) by HSV1-tk
reporter-based imaging with [131I]FIAU and [124I]FIAU. Later, Do-
brenkov et al.14 demonstrated the feasibility of monitoring the
Molecular Therapy: Oncolytics Vol. 20 March 2021 451
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Figure 2. Application of preclinical reporter-based nuclear imaging in cell therapy

Preclinical imaging of cell-based immunotherapies with multiple host-compatible reporter genes and their corresponding radioisotopes. (A) NIS-based 99 mTcO4
� imaging of

AdlP1 (top) and AdAM6 (bottom) adenoviruses in a HCT116 colorectal carcinoma xenograft. T, tumor; S, stomach. (B) Dual-modality PET-SPECT imaging with [123I]MIBG

and [124I]FIAU to visualize intratumorally injected hNET-CD4+ and HSV1-tk-CD8+ T cell subpopulations in a human EBV lymphoma xenograft. (C) NIS-based [18F]BF4
�-

afforded PET reveals CAR T cell retention differences in two models of TNBC. Endogenous NIS expression, prevalently in thyroid and stomach, does not interfere with

imaging. ThSG, thyroid+salivary gland; S, stomach; yellow arrows indicate CAR T cells homing at the tumor. (D) High accumulation of dCKDM/GFP-expressing T cells is

observed at the tumor site of treated mice through [18F]FEAU PET imaging. The region of interest is marked by the arrow. (E) Longitudinal PET-CT scan of SSTR2-expressing

CAR T cells using 68Ga-DOTATOC. CAR T cells were administered. Indicated images are from the lungs at day 20 after tumor establishment. L, lungs. All figures adapted with

permission from publishers.
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HSV1-tk-transduced CAR-T cell therapy with [18F]FEAU. A com-
parison of the latter viral reporter with three human-derived reporters
(i.e., NIS, NET, and dCK) and corresponding tracers was carried out
by Moroz et al.72 The mutant version of HV1-tk (HSV1-sr39tk)
paired with [18F]FEAU was also used by Dotti et al.78 to detect autol-
ogous polyclonal macaque CTLs after their intravenous infusion in
non-human primates.

A dual-reporter imaging study from Doubrovin et al.79 allowed
simultaneous tracking of two distinct EBV-specific T cell subpopula-
tions, using the non-immunogenic human NET and HSV1-tk to visu-
452 Molecular Therapy: Oncolytics Vol. 20 March 2021
alize CD4+ T and CD8+ T cells with [123I]MIBG-SPECT and [124I]
FIAU-PET, respectively (Figure 2B).

NIS-afforded imaging informed the distribution and retention of
pan-ErB family-targeted CAR T cells in a model of triple-negative
breast cancer (TNBC),80 using the non-toxic, NIS-specific [18F]
BF4� PET radiotracer (Figure 2C).81 Following up on the develop-
ment of a mutated human deoxycytidine kinase by Likar et al.,69

this reporter has been used in a number of studies, including the
in vivo detection of CAR-T cells with [18F]FEAU69 and tumor infiltra-
tion by T cells with [18F]FMAU70 suggesting that hdCK mutants can



Figure 3. Clinical application of radionuclide-based

imaging using indirect and direct strategies

(A) HSV1-tk reporter paired with [18F]FHBG PET radiotracer

was successfully used for the non-invasive detection of

cytolytic CAR-T cells in patients with recurrent glioma. T1W-

weighted (T1W) MRI was used to assess tumor extent before

and after intratumoral CAR-T cell administration (top), and

imageswere superimposedwith [18F]FHBGPET (bottom). (B)

Dynamic SPECT showing the distribution of 99mTc-HMPAO-

labeled neutrophils and eosinophils in a healthy volunteer.

Accumulation of the two cell types appears to be different

over time and mainly in lungs, liver, and spleen. All figures

adapted with permission from publishers.
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be applied for the whole-body clinical detection of immunothera-
peutic cells (Figure 2D). Vedvyas et al.71 chose the SSTR2 reporter
gene to study the dynamics of CAR T cells targeting ICAM-1 using
the clinically approved 68Ga-DOTATOC PET radiotracer
(Figure 2E).

Inducible reporter systems, and sensitivity to T cell activation, can
also be used. One notable study from Ponomarev et al.82 used
HSV1-tk-reporter-based [124I]FIAU-afforded PET to image nuclear
factor of activated T cells (NFAT)-mediated activation of T cells.
The in vivo monitoring of adoptive T cells functional status can be
readily translated into clinical practice by using an alternative non-
immunogenic reporter system.

Main studies using nuclear imaging in transplantation and regenerative
medicine are here briefly described. Mayer-Kuckuk et al.83 followed
skeletal engraftment of transplanted bone marrow cells by HSV1-tk-
based [18F]FEAU] PET. TheNIS-SPECT approach allows non-invasive
imaging and quantification of transduced cardiomyocytes in cardiac
transplantation with 123I(74) as well as cardiovascular molecular ther-
apymonitoring with both 123I and 99mTcO4�.73 The same reporter was
used in combination with 99mTcO4� to render traceable human-
induced pluripotent stem cells during differentiation into hepatocyte-
like cells.76 A study from Witte and colleagues70 described human
hematopoietic stem cell long-term engraftment using the human
dCK mutant reporter coupled with a [18F]FMAU PET probe.

Several radiolabeled probes have been developed for clinical HSV1-tk
PET imaging,84–90 including FHBG for imaging of the mutated
HSV1sr39-tk; the pharmacokinetics and dosimetry of [18F]FHBG
proved to be safe in healthy volunteers.91. However, in a comparative
study, Tjuvajev et al.92 showed that FIAU has a greater sensitivity and
a lower abdominal noise over FHPG and FHBG for the in vivo imag-
ing of wild-type HSV1-tk expression by PET.

Following up on Peñuelas and colleagues,58 the Gambhir group93,94 in
Stanford successfully used HSV1-tk for the non-invasive detection of
CD8+ cytolytic CAR-T cells with [18F]FHBG after infusion into the
median left front lobe tumor of glioma patients (Figure 3A). Notably,
these were the first documented studies of reporter gene-based imag-
ing of cell-based immunotherapies in patients.

Pros and cons of indirect imaging

Reporter genes are a powerful tool for non-invasive and repetitive
visualization of biological processes (e.g., gene expression, post-tran-
scriptional events, protein function, protein-protein interaction,
enzyme function) in living organisms, including humans. They can
be used to improve the diagnosis, develop andmonitor new therapeu-
tics (including cell-based therapies and antibodies), and most of their
paired radiotracers are already clinically approved.

When choosing a reporter gene for an imaging application, a few con-
siderations have to be made to ensure a favorable imaging contrast.
To achieve better contrast, so-called “foreign” reporters are a better
suit, as they are nowhere expressed in the body and do not generate
background signal (e.g., the PET reporter HSV1-tk).10,87,95 However,
because of their physical properties (including radioactive decay),
in vivo distribution, and the impossibility to modulate them, certain
radiolabeled probes can create noise. This can be avoided if the re-
porter gene is an enzyme catalyzing the conversion of a substrate in
a detectable signal (e.g., BLI reporters, not discussed in this review).
A downside of foreign reporters is that cells presenting them (e.g.,
via major histocompatibility complex [MHC] class I or II) can elicit
a host immune response.

Host-compatible reporters can be used to avoid the potential risk of
immunogenicity, as they come from the same species as the host.
However, their endogenous expression in selective tissues could
represent an issue in ensuring a favorable contrast in the adjacent
organs.

Compared to direct labeling approaches, the permanent integration
of the reporter into the genome does not result in label dilution during
cell division, and cells can therefore be imaged during their entire life-
time.96 Since the reporter is passed onto the daughter cells, long-term
imaging of expanding cells is also permitted.
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Table 3. Reporter genes and corresponding radionuclide imaging agents

Class Radiopharmaceutical probe Sites of endogenous expression Properties

Transporter

Sodium iodide symporter (NIS, SLC5A5)

PET: 124I�, [18F]BF4
�, [18F]SO3F

�, [18F]PF6
�;

SPECT: 99mTcO4
�, 123I�

thyroid glands, stomach, small intestine,
lacrimal glands, lactating mammary glands,
choroid plexus, testicles

Na+ symport alongside various anions; several
tracers clinically approved, most not requiring a
cyclotron (99mTcO4

�, xyzI�) or made by
automated synthesis; tracers do not cross BBB

Norepinephrine transporter (NET)

PET: [124I]MIBG, [18F]MIBG, [18F]PFBG,
[11C]hydroxyephedrine; SPECT: [123I]MIBG

organs with central and peripheral sympathetic
innervation (brain, heart)

NaCl-dependent monoamine transporter;
tracers do not cross BBB

Dopamine transporter (DAT)

PET: [11C]CFT, [11C]PE2I, [18F]FP-CIT;
SPECT: [123I]-b-CIT, [123I]-FP-CIT, [123I]-
ioflupane, 99mTRODAT

dopaminergic areas of the brain (striatum,
substantia nigra, ventral tegmental area)

NaCl-dependent transport; tracers do cross
BBB

Pyruvate kinase M2

PET: [18F]DASA-23
central nervous system (CNS), lungs, liver,
colon, thyroid, kidneys, bladder and several
tumor types (breast, gastric, and colorectal)

suggested for CNS imaging; tracers do cross
BBB

Cell surface receptor

Somatostatin receptor type 2 (SSTR2)

PET: [68Ga]-DOTATOC, [68Ga]-DOTATATE;
SPECT: [111In]-DOTA-BASS, [111In]-DTPA-
octreotide; [99mTc]demotate 1, [99mTc]P829,
[188Re]P829

brain, adrenal glands, gastrointestinal tract,
kidneys, spleen, tumors (i.e., pituitary,
neuroendocrine, SCLC, pancreatic,
paraganglioma, medullary thyroid carcinoma,
pheochromocytomas)

G protein-coupled receptor; tracers responsible
for cell signaling, change in proliferation, and
might impair cell function; non-metal
octreotide can cross the BBB; some radiotracers
already in use in the clinics (i.e., 111In- and
68Ga-based)

Dopamine receptor (D2R) and mutant (D2R80A)

PET: [18F]FESP, [11C]raclopride, [11C]N-
methylspiperone

striatum and pituitary gland
G protein-coupled receptor; slow clearance
observed for [18F]FESP; tracers do cross BBB

Cell surface antigen

Human carcinoembryonic antigen (CEA)a

PET: [124I]-anti-CEA scFv-Fc H310A antibody
fragment, [18F]FB-T84.66 diabody; SPECT:
[99mTc]-anti-CEA Fab0 , [111In]-ZCE-025,
111In-anti-CEA F023C5ia

not expressed in healthy adults, with the
exception of colon lumen; overexpressed in
pancreatic, gastric, colorectal and medullary
thyroid cancers

[99mTc]-anti-CEA Fab0 is FDA approved;
tracers do not cross BBB

DOTA antibody reporter 1 (DAbR1, 2D12.5/G54C), C8.2.5

PET: for DAbR1 [86Y]-AABD, [177Lu]-AABD N/A

murine-derived scFv anti-DOTA IgG1
antibody fused to human CD4 TM domain;
DOTA-complex tracer irreversibly binds to the
cysteine residue (G54C) of the antibody; tracers
do not cross BBB

Cell surface protein

Glutamate carboxypeptidase 2 (PSMA, FOLH1) and variants (tPSMAN9Del, tPSMAW2G)a

PET: [18F]DCFPyL, [18F]DCFBC; SPECT:
[125I]DCFPyL; anti-PSMA antibodies and
ligands can be flexibly labeled, e.g., J591-IR800

prostate, salivary glands, kidneys

anti-PSMA antibodies and ligands can be
flexibly labeled, e.g., J591-IR800; risk of in vivo
deiodination for radio-iodinated tracers,
resulting in uptake in NIS-expressing organs;
tracers do not cross BBB

Artificial cell surface
molecule

Anti-PEG Fab fragmenta

PET: 124I-PEG-SHPP N/A
PEG is not toxic and is approved by the FDA;
risk of in vivo deiodination for radio-iodinated
tracers

Human estrogen receptor a ligand binding domain (hERL)

PET: [18F]FES uterus, ovaries, and mammary glands
does not report on cellular function; tracer is
clinically used but does cross the BBB

(Continued on next page)
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Table 3. Continued

Class Radiopharmaceutical probe Sites of endogenous expression Properties

Enzyme

hmtk2 and mutants (hDTK2, N93D/L109F)

PET: [124I]FIAU, [18F]FEAU, [18F]FMAU
(hTK2-N93D/L109F)

all tissues (mitochondrial expression); hDTK2
mutant expressed in the cell cytoplasm; high
expression in gall bladder, intestine, and organs
involved in clearance

cellular tracer trapping; tracers do not cross the
BBB

hdCK

PET: [124I]FIAU, [18F]FEAU
gall bladder, intestine, and organs involved in
clearance

cellular tracer trapping; tracers do not cross the
BBB

HSV1-tk and mutants (HSV1-sr39tk and HSV1-A167Ytk)

PET: [124I]FIAU, [18F]FEAU, [18F]FHBG;
other tracers are: [18F]FCAU, [18F]FBAU, [18F]
FFEAU, [18F]FMAU, [18F]FHBT

N/A

non-mammalian kinase, potentially
immunogenic; tracers do not cross the BBB,
unless the latter is compromised; high activity
in organs involved in clearance; kinase causes
cellular tracer trapping and displays suicide
gene properties

b-galactosidase

PET: 2-(4-[123I]iodophenyl)ethyl-1-thio-b-D-
galactopyranoside, 3- (20-[18F]fluoroethoxy)-2-
nitrophenyl-b-D- galactopyranoside, 3- [11C]
methoxy-2-nitrophenyl-b-D-
galactopyranoside, [18F]FPyGal; SPECT: 5-
[125I]iodoindol-3-yl-b-D- galactopyranoside
([125I]IBDG)

N/A

glycoside hydrolase encoded by LacZ and
isolated from E. coli; cellular toxicity may
change with substrate; [125I]IBDG has a very
fast clearance if systemically administered

FDA, US Food and Drug Administration; IgG1, immunoglobulin G1; N/A, not applicable; PSMA, prostate-specific membrane antigen; scFv, single-chain variable fragment; SCLC,
small cell lung cancer; TM, transmembrane; tPSMA, truncated PSMA.
aCompatibility with other imaging modalities provided that a suitable contrast forming moiety will be attached (CEA and PEG antibodies, respectively).
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While the observation time of directly labeled cells is also influenced by
the radiotracer half-life, for indirectly labeled cells that is not the case.
As a result, short-lived isotopes are also used and typically dictate the
imaging intervals. The genetic engineering approach circumvents com-
plex ex vivo labeling procedures and the potential of associated radio
damage and toxicity. Reporter gene expression is a prerequisite for
radiotracer uptake. As the expression only occurs in viable cells, the re-
sulting signal can be directly attributed to them, thus not only reporting
on the presence and distribution of cells, but also providing informa-
tion on viability and, depending on the reporter of choice, cell function.

The versatility of reporter gene imaging is in part due to the flexibility
to tailor the expression cassette to the individual needs. In fact, the re-
porter gene can be placed under the control of a specific promoter
driving its expression, and that can either be a constitutive promoter
(e.g., CMV, PGK, LTR)97 or an inducible promoter. The latter is
placed under a particular transcriptional control, therefore linking
the reporter gene expression to a particular biological phenome-
non.82,98 However, the complex protocols for genetic engineering
(often involving the use of viral reporters), the potential for immune
rejection, and the need of a well-established nuclear medicine infra-
structure have significantly slowed down their clinical translation.

Final considerations

As current nuclear imaging of gene and cell therapy applications
focus primarily on the assessment of therapeutic efficacy and predic-
tion of the response in patients, it will likely become increasingly
important in the clinical setting. Importantly, more types of gene
and cell therapies are currently emerging in other fields than just can-
cer immunotherapy (i.e., in transplantation and regenerative
medicine).

With expansion of the current imaging toolbox in preclinical and
clinical assessment of emerging genetic therapies, future areas of
research comprise new radiotracer development for both direct
and indirect nuclear imaging. With the advent of total-body
PET99 and hybrid scanners (e.g., PET-MRI),100,101 low-dose, repet-
itive nuclear imaging will allow for continuous monitoring of gene
therapeutics.
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