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The first reporter systems were developed in the early 1980s and
were based on measuring the activity of an enzyme—as a surrogate

measure of promoter-driven transcriptional activity—which is now

known as a reporter gene system. The initial objective and applica-

tion of reporter techniques was to analyze the activity of a specific
promoter (namely, the expression of a gene that is under the regu-

lation of the specific promoter that is linked to the reporter gene).

This system allows visualization of specific promoter activity with
great sensitivity. In general, there are 2 classes of reporter systems:

constitutively expressed (always-on) reporter constructs used for

cell tracking, and inducible reporter systems sensitive to endoge-

nous signaling molecules and transcription factors that characterize
specific tissues, tumors, or signaling pathways.

This review traces the development of different reporter systems,

using fluorescent and bioluminescent proteins as well as radionu-

clide-based reporter systems. The development and application of
radionuclide-based reporter systems is the focus of this review. The

question at the end of the review is whether the “promise” of re-

porter gene imaging has been realized. What is required for moving
forward with radionuclide-based reporter systems, and what is re-

quired for successful translation to clinical applications?

J Nucl Med 2019; 60:1665–1681
DOI: 10.2967/jnumed.118.220004

A reporter cassette involves both a reporter gene and a regu-
latory complex. The regulatory complex includes transcriptional
control components (promoters or enhancers) that can function as
a constitutive (always ‘‘on’’) regulatory element, or the regulatory
complex can be inducible (a molecular-genetic sensor), with the
transcriptional regulatory elements responding to endogenous
cell signals (e.g., transcription factors and transcription-regulating
complexes) that can initiate and regulate reporter gene expression.
A reporter system typically includes 2 components: a specific gene
and regulatory complex, and a specific substrate that interacts with
the gene product. The reporter gene product is a protein—either an
enzyme that catalyzes a chemical reaction or a protein that fluo-
resces on exposure to light. Examples of commonly used reporter
system pairs include radionuclide-based pairs (e.g., HSV1-tk [herpes

simplex virus type 1 thymidine kinase] and 124/131I-FIAU [5-iodo-29-
fluoro-29deoxy-1-b-D-arabinofuranosyluracil] or 18F-FEAU [29-deoxy-
29-18F-fluoro-5-ethyl-1-b-D-arabinofuranosyluracil]) (1), bioluminescent
pairs (e.g., firefly luciferase [FLuc] and D-luciferin) (2), and fluores-
cent pairs (e.g., green fluorescent protein [GFP] and activating blue
light), plus sensors exploiting fluorescence resonance energy transfer
between 2 mutant GFP molecules (3,4). Reporter genes can be in-
corporated genetically into the host DNA of individual cell lines or can
be used to make transgenic reporter animals. Reporter expression can
be imaged and monitored by injection of a complementary probe.
Reporter gene imaging requires pretargeting (delivery) of the

reporter gene cassette to the target cell or tissue by transfection or
transduction. Such pretargeting is a requirement for all reporter
gene imaging studies. Pretargeting of the reporter is usually achieved
by several approaches, including mechanical (e.g., electroporation
or microinjection), chemical (e.g., lipid or nanoparticle carriers),
or biologic (e.g., viral or bacterial vectors) (5–10). In addition, reporter
imaging can monitor posttranscriptional processing, modulation of
reporter protein translation, protein–protein interactions, and re-
porter protein ubiquination. Most commonly, the reporter gene is

expressed constitutively, and reporter imaging is used to track and
monitor gene therapy vectors or transduced cells in the body. This
strategy has been widely applied in optical imaging (11–13) and
radionuclide-based imaging (1,14–17) and has been applied to a

lesser degree in MR imaging (18,19). The history of reporter gene
imaging and the major imaging technologies that have been de-
veloped for this purpose are outlined in this article, including a
section on radionuclide-based clinical applications of reporter
gene imaging that have been published. We also discuss the promise

of reporter gene imaging and whether this promise has been de-
livered. We conclude with some thoughts about moving forward.

REPORTER GENES: BACKGROUND AND HISTORY

The first reporter systems were developed in the early 1980s and
were based on measuring the activity of an enzyme as a surrogate

measure of promoter-driven transcriptional activity (20). This strat-
egy is now known as a reporter gene system. One of the first sys-
tems described involved chloramphenicol acetyltransferase (CAT),
a bacterial enzyme that detoxifies the antibiotic chloramphenicol
by acetylation (21). The assay involves linking specific promoter

elements to the CAT gene (reporter gene), transfecting the reporter
plasmid into target cells, adding 14C-chloramphenicol to the target
cell medium, and assaying the extract for acetylated versus non-
acetylated 14C-chloramphenicol radioactivity (accomplished using

a TLC plate to separate the 2 radiolabeled moieties). There was no
visualization of cells or tissue in this original assay.
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The ability to visualize reporter activity was originally developed
by Richard Jefferson during his PhD tenure in the early 1980s. The
reporter system he developed was based on b-glucuronidase (GUS),
an enzyme from the bacterium Escherichia coli, that is encoded by
the GUS gene (22,23). This enzyme, when incubated with specific
colorless glucuronides or nonfluorescent substrates, metabolizes
them into colored or fluorescent products. Several different glucu-
ronides can be used as substrates for GUS, depending on the visual
system being used in the assay (e.g., histochemical, spectropho-
tometric, or fluorometric). Jefferson adapted this histochemical
technique for use in plants because there is no detectable GUS
activity in higher plants and many bacteria, resulting in a very low
or no background. Thousands of labs have subsequently used GUS
reporter systems in the study of plant and agriculture-focused
biology (23).
A similar system (b-galactosidase [b-gal]) to visualize reporter

activity in eukaryotic cells and animals was developed shortly
after the GUS system. The lacZ gene, which encodes the E. coli
glycoside hydrolase, b-gal, has been extensively used as a reporter
gene to study numerous living systems (ranging from bacteria and
yeast (24) to cultured cells from diverse species of mammals (25–
29), including mice (30,31)). Four main assays for biochemical
detection of b-gal have been used. For cell extracts, spectropho-
tometric and fluorometric assays have been used, by which color-
less compounds are converted by b-gal in the reporter-transduced
cell to deeply colored products that can be measured using optical
techniques. For intact cells, colorless 5-bromo-4-chloro-3-indolyl-
3-o-galactoside is used as the substrate, which changes to a deep blue
color after conversion by the b-gal enzyme and allows visualization
of b-gal reporter gene expression at the cellular and subcellular levels
using standard microscopy. Although the histologic b-gal reporter
imaging system has been most widely used, a fluorescence-activated
cell sorting–based b-gal assay using fluorescein-di-b-D-galactopyra-
noside has been developed that provides the ability to sort and analyze
cells based on the level of b-gal reporter expression. The fluores-
cence-activated cell sorting assay is both quantitative and extremely
sensitive (;20 times more sensitive than b-gal histochemistry).
The objective and application of the reporter techniques were to

analyze the activity of a specific promoter, namely the expression
of a gene that is under the regulation of the specific promoter
linked to the reporter gene. This allows visualization of specific
promoter activity with great sensitivity in different tissues and provides
a quantitative measurement of reporter activity. The advantage of the
b-gal reporter system was that it could quantitatively interrogate the
activity of specific promoters and visualize reporter activity at cellular
and subcellular levels in different tissues using standard microscopy.
Subsequently, fluorescent, bioluminescent, and radionuclide-based

reporter systems were developed to facilitate reporter imaging in
animals and humans. An example of a typical reporter system is
shown in Figure 1.

FLUORESCENT PROTEINS

GFP was first isolated from the jellyfish Aequorea victoria in
1960 (32) and has rapidly become one of the most widely studied
and exploited proteins in biochemistry and cell biology (33,34).
This popularity is due to its ability to generate a highly visible,
efficiently emitting internal fluorophore. GFP has become well
established as a reporter of gene expression and protein targeting
in intact cells and organisms. In addition to the use of GFP as a tag
and as an active indicator of cellular physiology (35), mutagenesis
and engineering of the GFP protein made it particularly effective
for fluorescence resonance energy transfer. Five basic classes of
useful GFP mutants (e.g., blue, cyan, sapphire, and yellow fluo-
rescent proteins) have been described for fluorescence resonance
energy transfer applications different in relative absorption or fluo-
rescence brightness (4,36).
One of the first applications of GFP was to detect gene expression

in vivo (37,38). GFP’s independence from enzymatic substrates
was particularly useful in intact transgenic embryos and animals
(39–43) and for monitoring the effectiveness of gene transfer (44,45).
However, GFP reporter systems are less sensitive than the enzyme-
based reporter systems and require strong promoters to drive suffi-
cient expression for detection, particularly in mammalian cells and
in small-animal systems. Most published reports using GFP or en-
hanced GFPs have used constitutive promoters (46) or strong ex-
ogenous regulators such as the tetracycline transactivator system
(47) rather than native genetic response elements (promoters) mod-
ulated by endogenous signals.
The sensitivity of the GFP reporter system is limited by its lack

of amplification. Each GFP molecule produced by the reporter
system produces only one fluorophore. It has been estimated that a
1 mM concentration of well-folded wild-type GFP molecules is
required to equal the endogenous autofluorescence of a typical
mammalian cell (48). Mutant (enhanced) GFPs with improved
extinction coefficients improve this detection limit by 6- to 10-fold
(49). Rough calculations indicated that 1 mM GFP is approximately
107 copies per typical cell with a volume of approximately 1–2 pL.
For comparison, the bacterial enzyme b-lactamase can be detected
at levels as low as 60 pM in single mammalian cells (50 molecules
per cell) with membrane-permeant ester substrates (50). The sensi-
tivity limit of the GFP reporter systems is limited not by the optical
detection instrumentation but by cellular autofluorescence. How-
ever, if the GFP molecules are sequestered (concentrated) and
localized to specific subcellular compartments, detection by high-
resolution microscopy can be successful (50,51).

FIGURE 1. The first reporter gene systems with constitutive or induc-

ible regulatory elements, based on measuring activity of the enzyme

chloramphenicol acetyltransferase and visualizing reporter activity. Re-

porter systems can be placed under constitutive or inducible promoters.

Constitutive promoters such as CMV, elongation factor 1α, and others are

always “on.” Inducible promoters are activated by specific transcriptional

factors and can function as endogenous molecular–genetic sensors.

mRNA 5 messenger RNA; poly-A 5 the addition of a poly tail to mRNA;

TATA box-DNA sequence in the core promoter region.

NOTEWORTHY

n ‘‘Constitutive’’ reporters are used for tracking cells.
n ‘‘Inducible’’ reporters are used for monitoring biological

processes.
n Radionuclide-based reporters can be used in clinical

applications.
n Radionuclide-based reporter imaging is currently expensive.
n Reporter imaging has yet to deliver its full promise.
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The ability to monitor a subcellular localization of GFP led to
its most successful and useful application, namely as a genetic

fusion partner to host proteins (a chimeric GFP protein). Numerous

studies have monitored and described the localization, trafficking,

and fate of chimeric GFP fusion proteins. The gene encoding a GFP

is fused in-frame with the gene encoding the endogenous protein,

and the resulting chimera is expressed in the cell or organism of

interest. The ideal result is a fusion protein that maintains the

normal functions and localizations of the host protein but is now

fluorescent. However, not all fusions are successful, and the failures

are rarely published (51,52).

BIOLUMINESCENT PROTEINS

Bioluminescence imaging (BLI) involves a technology that gener-
ates light emitted by an enzyme-substrate catalyzed chemical reaction.

Unlike fluorescence or phosphorescence imaging, BLI does not

require incident light and thereby provides a very low background

signal and avoids phototoxicity. Although the total amount of light

emitted from a bioluminescent reaction is typically small and not

detectable by the human eye, an ultrasensitive charge-coupled-device

camera can image bioluminescence from an external vantage point,
including photons emitted from tissue or an organ in a small animal
(e.g., mice) (53). The past 20 years have witnessed a significant
increase of BLI in basic research, drug development, and therapy
management, despite being relegated to mostly preclinical biomed-
ical research (54).
BLI using FLuc had its origin in the late 1980s (55–59) and was

used as a reporter system to study the effect of E. coli gene
functions and a novel circadian phenotype based on FLuc expres-
sion in transgenic plants (57). There are 3 main classes of lumi-
nescent genes currently used in BLI reporter systems. The first of
these, the FLuc and click beetle luciferases, are green and red
luciferases from the North American firefly and the click beetle,
respectively. Both FLuc and click beetle luciferase use D-luciferin
as a substrate and require adenosine triphosphate, Mg11, and O2

as cofactors (12). Other luciferases, including emerald luciferase
and stable red luciferase, also use D-luciferin as their substrate.
However, despite this common substrate, these luciferases emit
light at different wavelengths. The second main class of luminescent
genes are the Renilla and Gaussia luciferases (from the sea pansy
and a marine copepod, Gaussia princeps, respectively), in which
coelenterazine is used as a substrate and O2 is a required cofactor.
Both Renilla and Gaussia luciferases are adenosine triphosphate–
independent. Gaussia luciferase (unless membrane-anchored (60)
and other marine luciferases are secreted and can allow the BLI
without cell lysis. More recently, Vargula and Cyridina luciferases
and their substrate vargulin have been described (59,61–63). They
were developed from marine ostracods—Vargula hilgendorfii and
Cyridina noctiluca, respectively—and each has specific advantages
(64). The third main class of luminescent genes are the bacterial
luciferases (lux operon) from bacteria such as Photorhabdus lumi-
nescens and Vibrio fischeri, which include luxAB genes encoding
heterodimeric luciferases (lux operon). The luxCDE genes can en-
code a fatty acid synthetase/reductase complex that generates a
long-chain fatty aldehyde substrate from endogenous intracellular
metabolites (65).
All luciferases require the injection of a specific luciferase substrate

(e.g., D-luciferin, coelenterazine, or vargulin) into the medium or
animal before imaging, and the required cofactors must be pre-
sent for optimal photon emission. The bacterial luciferases are an

exception, as they encode the enzymes through the lux operon
required for endogenous substrate biosynthesis. Luciferases have
peak emissions ranging from blue to red (e.g., 400–620 nm).
However, the emission bandwidths are broad and significantly
overlap in the yellow–green region (66). Given the increasingly
wide use of BLI in biologic studies, new luciferase genes and
mutated variants continue to be developed, as well as structural
modifications of the luciferases and their substrates, to enhance
photon emission, provide a wider range of photon emissions for
multispectral studies, and red-shift the photon emissions (.620 nM)
to enhance their penetration in biologic tissue and small-animal
models.
Luciferase-based reporter systems have been used to study

detection of cancer cells and assessment of tumor growth (67–69),
lymphocyte trafficking in vivo (70–72), the efficacy of immune-
based cell therapies in lymphoma (73), and imaging of ligand
receptor binding using luciferase complementation (74). Bacterial
luciferases were successfully used for the imaging of bacterial
infection of human cells (75). Marine luciferases using coelenterazine
as FLuc were used to track delivery of therapeutic genes or for
bioluminescence resonance energy transfer assays to detect tumor
metastases (76). Many excellent studies and reviews of BLI have
been published (54,62,77–82). Only a few are mentioned and ref-
erenced in this article.

FIGURE 2. Histologic (A) and autoradiographic (B) images of HSV1-tk

expression in RG2TK-positive rat brain tumor with stably expressed HSV1-

tk in left hemisphere and wild-type (nontransduced) RG2 tumor in right

hemisphere. Both tumors are clearly seen in toluidine blue–stained his-

tologic section. Autoradiographic imaging was performed 24 h after in-

travenous administration of 14C-FIAU. RG2TK-positive tumor is clearly

visualized in autoradiographic image, whereas RG2 tumor is barely detect-

able. (C) PET imaging of HSV1-tk expression. Three tumors were generated

in rnu rats: W256TK-positive (positive control) tumor in left flank and 2 wild-

type W256 tumors in dorsum of neck (test) and right flank (negative control).

Neck tumor was inoculated with 106 gp-STK-A2 vector-producer cells (ret-

roviral titer, 106–107 cfu/mL) to induce HSV1-tk transduction of wild-type

tumor in vivo. Fourteen days after inoculation, 124I-FIAU (925 kBq) was

injected intravenously. PET was performed 30 h after injection. Radioac-

tivity is clearly localized in left flank tumor and neck tumor but is only at low

background level in right flank tumor (C). (Adapted with permission of (1).)
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RADIONUCLIDE-BASED REPORTER GENE IMAGING

Radionuclide-based imaging is founded on the radiotracer principle,
which was first described by George de Hevesy in a 1935 letter

published in Nature, using 32P for the study of phosphorus me-

tabolism (83). He was awarded the Nobel Prize in chemistry in

1943 (84). The principle forms the basis for the use of radionu-

clides to investigate the behavior and function of stable atoms

and molecules and for the ability of radiopharmaceuticals to

participate in biologic processes without being altered or perturbed.

The tracer technique was later adapted for many applications in

physiology and biochemistry, as well as in functional diagnosis

and in nuclear medicine and molecular imaging. A unique feature

of radionuclide-based reporter imaging is the potential for rapid

translation into clinical studies, using a well-established nuclear

medicine clinical infrastructure. Radionuclide-based reporter im-

aging was initiated in the mid-1990s, largely in the Blasberg and

Gambhir lab, the Herschman lab, and the Phelps lab (Fig. 2)

(1,14–16,85–92). HSV1-tk was initially used as the reporter

gene, because the HSV1-tk enzyme would selectively phosphory-

late specific radiolabeled substrates. The phosphorylated substrates

would become trapped in the cell (similar to the phosphorylation

and subsequent trapping of 18F-FDG by endogenous hexokinase),

resulting in a reporter-based, enzymatic amplification of the radioac-

tive signal. The radiolabeled substrates used in these initial studies

included 14C- and 124/131I-FIAU and 8-3H- or 8-14C-ganciclovir

and [8-18F]-fluoroganciclovir (Fig. 3A). Later, Dr. Gambhir in the

Hershman Lab developed a mutant HSV1-tk reporter gene (HSV1-

sr39tk) (16,91) and combined it with radiolabeled penciclovir

analogs (e.g., 8-18F-fluoropenciclovir) (93) and 9-[4-18F-fluoro-

3-(hydroxymethyl)butyl]guanine (18F-FHBG) (94,95), which resulted

in significantly enhanced sensitivity for imaging reporter gene

expression in vivo (94). The early studies of radionuclide-based

reporter imaging focused on optimizing and comparing the re-

porter systems, both reporter genes and radiolabeled reporter sub-

strates (Fig. 3B) (96).
The sodium iodide symporter (NIS) was used as a therapeutic

gene and then as a combined imaging and therapeutic gene in the

late 1990s and early 2000s (97–100). NIS-transfected cell lines

and animal tumor models generated from these cells can retain

variable amounts of iodide for only short periods (5–10 h) because

there is no organification or trapping of the transported iodide (as

in the thyroid gland). The high uptake and retention of iodide

explains, in part, the encouraging therapeutic results reported by

several groups for some, but not all, tumor models (101). The

variable uptake and trapping of iodide in different NIS-transduced

cell types and tumors remains largely unexplained. It has been

suggested that the iodide efflux system may be less efficient or

more rapidly saturated in some cell types than in others, although

the exact mechanism for this difference is not known.
There are 2 classes of reporter systems for transducing cells or

tissue: the first is constitutively expressed reporter constructs, and

the second is inducible reporter systems sensitive to endogenous
signaling molecules and transcription factors that are specific to tissues,

tumors, or signaling pathways and these promoters’ response to activa-

tors such as hormones, heat, drugs, and small molecules (Fig. 1) (102).
One approach to expanding the application of reporter imaging,

which was studied extensively in the early 2000s by several labs,
was multiple-modality reporter imaging. To implement this strategy,
2 or 3 reporter genes were incorporated into a single reporter cassette.
These combinations usually included a fluorescence (e.g., GFP) or
bioluminescence (e.g., FLuc) gene, as well as a radionuclide-based
gene, which were incorporated into the reporter expression cassette

(Fig. 4) (103–107).
The combination of reporter genes for different imaging modalities

compensates for the limitations of each modality alone. For example,

compared with BLI, radionuclide-based imaging is highly sensitive

and quantitative, but expensive, especially in preclinical models.

Similarly, radionuclide-based imaging does not have the resolution

for single-cell imaging, whereas fluorescence imaging strategies are

more widely applied in basic preclinical research. Optical imaging

is cost-effective and sensitive for surface detection and can be used

for single-cell imaging (108–110). The recent development of nano-

biology offers a great range in multimodality imaging opportunities.

Nanoparticles are being used as novel theranostic and drug delivery

agents and are able to include reporter imaging systems (111).
The early preclinical applications of radionuclide-based reporter

imaging focused on molecular biology–related reporter imaging

FIGURE 3. (A) HSV1-tk processing for imaging with different reporter probes (124I- or 131I-FIAU and 18F-FHBG). (B and C) Chemical structures of

pyrimidine (B) and acycloguanosine (C) nucleoside probes. Highlighted nucleosides have been determined to be most effective imaging probes for

HSV1-tk (pyrimidines) and HSV1-sr39tk (acycloguanosines). Adapted from (96).
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studies. They included cytoplasmically retargeted HSV1-reporter
gene mutants to improve imaging sensitivity (104) and were used
for monitoring DNA delivery. Imaging of dihydrofolate reduc-
tase fusion gene expression (112) and imaging of gene expres-
sion from a bicistronic message (102,113–115) were particularly
notable developments.
Constitutive reporters are always ‘‘on,’’ and the reporter protein

is continuously expressed (116,117). Constitutive reporters are
usually independent of environmental and developmental factors,
and they are active across species and kingdoms. Constitutive reporter
systems are the most common and are largely used for monitoring
the trafficking, targeting, and persistence of cells, bacteria, and
viruses (86,118–120). Constitutive promoters can be tissue-specific,
such as the tyrosinase promoter for melanoma (121); some other
promoters can be active in different tumor types, such as human
telomerase reverse transcriptase promoter (122) and the progression
elevated gene-3 (PEG-3) promoter (123).
Six constitutive promoters commonly used in mammalian systems

include the simian virus 40 early promoter, cytomegalovirus immediate-
early promoter (CMV), human ubiquitin C promoter (UBC),
human elongation factor 1a promoter, mouse phosphoglycerate
kinase 1 promoter (PGK1), and chicken b-actin promoter (EF1a)
coupled with CMV early enhancer (CAG promoter) (124). The
choice of which promoter to use is based mostly on the availability
of a promoter. However, the suitability of the promoter for a par-
ticular experiment needs to be carefully considered, since there is
some variability in promoter effectiveness from cell type to cell
type. For example, the CMV promoter is the most variable, being
very strong in some cell types (e.g., 293T) and rather weak in others
(e.g., mesenchymal stem cells). This variability is consistent with
the silencing of this promoter in some cells (125).

Imaging the Trafficking, Localization, and Persistence of

Reporter-Transduced Organisms and Cells

Noninvasive, in vivo tracking of lymphocytes dates back to the
early 1970s, when the first experiments were performed after
extracorporeal direct labeling of lymphocytes (126,127) using
various metallic radioisotopes (e.g., 111In, 67Co, 64Cu, 51Cr, and
99mTc) (126–130). However, there are several problems associated
with ex vivo labeling, mostly related to the low level of radioac-
tivity per cell and the exposure of cells to higher doses of radio-
activity during labeling, which can affect T-cell function. Stable
genetic labeling of lymphocytes with reporter genes avoids the
temporal limitations of in vitro radiolabeling or magnetic labeling

of cells and can assist long-term study for cell survival, prolifer-
ation, and activation of immune cells. Retrovirus-mediated trans-

duction has proven to be one of the most effective methods to

deliver transgenes into T cells, resulting in high levels of sustained

transgene expression (131,132). This approach was used to de-

liver transgenes for detection of long-term circulation of Epstein-

Barr virus–specific cytotoxic donor-derived T cells in patients

treated for post–bone-marrow-transplantation Epstein-Barr virus–

induced lymphoproliferative diseases (133–135). Genetic labeling

of lymphocytes can also be achieved with the luciferase reporter

gene (136,137) and with the fusion reporter genes (e.g., HSV1-tk/

GFP [TKGFP]) (138). Sequential imaging over 15 d after T-cell

injection permitted long-term monitoring of the TKGFP-transduced

cells and demonstrated tumor-specific migration and targeting of

the CD8-positive cytotoxic T-lymphocyte (CTLs). A transgenic

mouse model that uses T-cell–specific luciferase bioluminescence

for tracking T-cell homing and migration dynamics in vivo was

developed and provided important insights and advantages from

tracking T-cell responses in vivo (139). Migration of dendritic cells

into lymph nodes was visualized with BLI and 124I PET/CT imaging

modalities using dendritic cells expressing FLuc and NIS reporter

genes (140). A similar approach was used to detect the migration

of macrophages toward inflammation at early time points (106), as

well as tumor lesions (141). The HSV1-tk/PET application was

used to trace human embryonic stem cells transplanted in the

heart (142,143). However, this labeling strategy has its own disad-

vantages: it is difficult to generate stably transfected cells because

of the low efficiency of transfection of immune and primary stem

cells, and some safety concerns have been raised (144).
In addition to constitutive promoters, cell- and tissue-specific

promoters have been described and used in reporter gene imaging

(145–148). For example, the radiation-responsive elements (CC(A/T)

6GG, known as CArG) were identified in the promoter of the early

growth response 1 (Egr-1) gene and were used in a clinical trial to

express tumor necrosis factor a in patients with soft-tissue sarcomas

receiving radiation (149). An alternative approach used the promoter

with a broad cancer specificity, making it a universal promoter for

cancer cell imaging (150,151). The common feature of the above

promoters is that they have transcriptional regulatory elements for

biomarkers found in many human cancer cells (152). For example,

the PEG-3 promoter was developed and used for imaging metastasis

in vivo (123). The most interesting characteristic of the PEG-3

promoter is that there is no homologous sequence in the human

FIGURE 4. Development of fusion gene to code fusion protein for multimodality imaging. Fusion protein contains HSV1-tk for imaging with reporter

probes 124I- or 131I-FIAU and 18F-FHBG; GFP component is used for fluorescence-activated cell sorting and fluorescence imaging; FLuc component

is used for BLI.
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genome. The PEG-3 promoter functions as a sensor for the cellular
environment of cancer cells. Two transcription factors, activator
protein 1 and polyoma enhancer activator 3, are known to be key
regulators for PEG-3 promoter activity. Using BLI with FLuc and
radionuclide imaging based on HSV1-tk and 125I-FIAU, the Pomper
group was able to demonstrate that PEG-3 promoter drives the
expression of reporters selectively in metastatic tissues (123).

Imaging Signaling Pathways with Inducible

Reporter Systems

We pioneered the development of radionuclide-based imaging
of transcriptional regulation of endogenous genes in living animals,
by placing the reporter genes under specific cancer-upregulated
promoters. Together with Juri Tjuvajev/Gelovani Tjuvajev (aka
Tjuvajev), we showed that p53-dependent gene expression can be
imaged in vivo by PET and by in situ fluorescence (Fig. 5) (153). A
similar noninvasive imaging strategy was used for monitoring T-cell
activation in vivo. We developed and assessed a novel reporter for
imaging T-cell receptor–dependent nuclear factor of activated T
cell (NFAT)–mediated activation of T cells (154). The TKGFP

dual-reporter gene was used to monitor NFAT-mediated transcrip-
tional activation in human Jurkat cells. PET imaging with 124I-
FIAU using the NFAT-TKGFP reporter system was sufficiently
sensitive to detect T-cell activation in vivo. Instead of focusing
on only the location of T cells, the NFAT reporter provides monitor-
ing and a better understanding of T-cell effector functions. Subse-
quently, T cells transduced with a reporter vector containing the
hybrid pGB-CMVe promoter (the granzyme B promoter [pGB]; cyto-
megalovirus enhancer [CMVe]) for BLI imaging was used to monitor
T-cell effector function in response to tumor antigens in living mice
(155).
We also developed an inducible reporter system that was sen-

sitive to hypoxia and could be monitored by noninvasive imaging
(156,157). Upregulation of the hypoxia-inducible factor (HIF)–1
transcriptional factor was demonstrated and correlated with the
expression of dependent downstream genes (e.g., vascular endo-
thelial growth factor) (Fig. 6). Recently, we showed that replacing
the small-animal PET reporter with optical reporters can be used
to study the tumor microenvironment in murine metastatic model
of breast cancer (158). These reporter systems could be used to

FIGURE 5. Validation of first inducible reporter system for p53 pathway in cells and tumors. (A) PET imaging of endogenous p53 activation.

Transaxial PET images through shoulder (top 2 panels) and pelvis (bottom 2 panels) of 2 rats are shown. Both nontreated and treated animals had 3

subcutaneous tumor xenografts: U87p53TKGFP (test) in right shoulder, U87 wild-type (negative control) in left shoulder, and RG2TKGFP (positive

control) in left thigh. Treated animal shows significant radioactivity localization in test tumor and in positive control but no radioactivity above

background in negative control. (B) Structure of p53TKGFP retroviral vector with reporter system. Expression of TKGFP gene is regulated by artificial

promoter containing multiple tandem repeats of p53-specific DNA-binding motif. Constitutive expression of neomycin-resistance gene (Neo) is driven

by SV40 (simian virus 40 early) promoter, allowing for selection of stably transduced cells. LTR 5 Long Terminal Repeat; dLTR 5 deleted LTR. This

vector has a mutation in the 3′LTR that renders the silencing of its promoter activity after duplication as 5′LTR during integration. Amp 5 ampicillin;

EcoRI, NheI 5 are restriction enzymes that cleaves DNA. (C) U87p53TKGFP subcutaneous tumor samples assessed for levels of activated p53 (Ser15

phosphorylated), total p53 protein, p21, and TKGFP proteins by immunoblot analysis obtained from nontreated and treated rats. (D) Microscopic

fluorescence images of same U87p53TKGFP subcutaneous tumor samples. (Adapted with permission of (153).)
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assess the effects of radiation, new drugs, or other novel therapeu-
tic paradigms that affect the HIF-1 signaling pathways (156–158).
Similar to the nuclear factor of k light polypeptide gene enhancer
in B-cells inhibitor, a-FLuc fusion reporter (159), we were able to
study the tightly controlled level of HIF-1a protein in normal
(NIH3T3 and HEK293) and glioma (U87) cells by developing 2
HIF-1a chimeric reporter systems, HIF-1a/FLuc and HIF-1a(change
in oxygen-dependent degradation domain)/FLuc. These reporter
systems provided an opportunity to investigate the degradation of
HIF-1a in different cell lines, both in culture and in xenografts
(160). In addition to the HIF-1–activated pathway, we monitored
the response (activation) of the HSF1 transcription factor after treat-
ment with the geldanamycin analog, 17-allylamino-demethoxy gelda-
namycin, in cells and in animals bearing xenografts transduced with
human NIS (hNIS) and GFP reporter systems (161,162).
The application of the 2 most widely used optical reporters,

FLuc and GFP for bioluminescence and fluorescence imaging,
dramatically improved the detection of bone metastases in mice in
vivo and ex vivo (67,163). In addition, we and others developed a

noninvasive multimodality imaging approach to identify and lo-
calize metastatic cells in bones, to monitor tumor growth, and to
register activation of the transforming growth factor b pathway dur-
ing metastasis (163–166).
A recent publication by the Gambhir group demonstrates that

endogenous biomarkers can provide early disease detection using
a cell-based in vivo sensor with high sensitivity for the early de-
tection of cancer (167). They leveraged the M1/M2 macrophage met-
abolic dichotomy as the basis for developing a novel cell sensor and
engineered macrophages to produce a synthetic reporter on adopt-
ing an M2 tumor–associated metabolic profile. This was achieved
by coupling a reporter gene (luciferase) to activation of the argi-
nase-1 promoter (Fig. 7). After adoptive transfer in colorectal and
breast mouse tumor models, the engineered macrophages migrated
to the tumors and activated arginase-1, thereby providing a bio-
luminescence signal that could be imaged in their animal model,
as well as in blood from the tumor-bearing animal. They effec-
tively used M2 polarization as a diagnostic surrogate for the de-
tection of small tumors. The macrophage sensors were also able to

FIGURE 6. Validation of first dual-reporter system (hypoxia-inducible and constitutive reporter system in cells and tumors). (A) HIF-1 (hypoxia

inducible factor 1)–mediated TKGFP expression was studied in model with subcutaneous 4C6 xenograft bilaterally in forelimbs before and after

tourniquet was applied to left forelimb proximal to tumor. 18F-FEAU uptake (arrows) is seen only in tourniquet-applied limb. (B) HIF-1 response in

growing spheroids. (C and D) Confirmation of integrity of HIF-1 signaling pathway and reporter systems in C6 rat glioma cells before (C) and after (D)

HIF-1 upregulation by 100 μM of CoCl2 (hypoxia mimetic). (E) Western blotting for TKGFP and reverse-transcriptase polymerase chain reaction for

VEGF164 and VEGF120, 24 h after exposure to different concentrations of CoCl2. (F) Structure of cis-HRE/TKGFP retroviral vector with dual-reporter

systems. Expression of HSV1-tk/eGFP gene is regulated by artificial promoter containing 8 tandem repeats for HIF-1 DNA-binding motif. Constitutive

expression of XPRT/dsRFP is driven by CMV promoter (pCMV), allowing for selection of stably transduced cells. (Adapted with permission of (156).)
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effectively track the immunologic response to inflammation in muscle
and lung animal models, suggesting the potential utility of this ap-
proach in disease states other than cancer.

RADIONUCLIDE-BASED HUMAN REPORTER GENE IMAGING

SYSTEMS: PRECLINICAL STUDIES

Because of the concerns related to the potential immunogenicity
of reporter systems based on viral and other nonhuman genes, an
effort was made to explore the potential for developing human-
derived reporter genes. A selected list of human reporter systems
that have been studied is presented in Table 1.
The hNIS has long been recognized as an imaging and therapeutic

target in thyroid cancer (168,169). After the successful cloning of
hNIS (170), combined NIS gene therapy and targeted radiotherapy
have been extensively studied (171,172). Many publications have
also explored the use of hNIS as a reporter gene in preclinical
animal studies (114,173,174). An impressive body of evidence has

shown that the transduction of NIS and its
functional expression in some nonthyroid tu-
mors can be used for targeted radiotherapy.
For example, it was recently shown that

EGFR-targeted nonviral NIS gene transfer
can be used for bioimaging and therapy of
disseminated colon cancer metastases (175).
That study combined the reporter and ther-
apy gene function of NIS, similar to what
was proposed earlier for HSV1-tk. The
authors suggest NIS gene targeting of
liver metastases as a promising theranos-
tic strategy for, first, noninvasive imaging
of functional NIS expression using 18F-
tetrafluoroborate as a novel NIS PET
tracer and, second, therapeutic application
of targeted radiotherapy using 131I-iodide.
Recently, 18F-tetrafluoroborate, 18F-fluoro-
sulfate, and other 18F-labeled analogs have
emerged as promising iodide substitutes for
PET imaging. The 18F-labeled iodide analogs
have practical radiosynthesis and biochemical
features that allow them to closely mimic io-
dide transport by NIS in thyroid tissues and
in other NIS-expressing tissues. Unlike
radioiodide, they do not undergo organifica-

tion in thyroid cells and thus have the advantage of having relatively
lower uptake and of exposing the normal thyroid gland to lower
radiation. Initial clinical trials of 18F-tetrafluoroborate have been
completed in healthy humans and thyroid cancer patients (176).
The excellent imaging properties of 18F-tetrafluoroborate and 18F-
fluorosulfate for evaluation of NIS-expressing tissues indicate their
bright future in PET hNIS imaging. For g-camera and SPECT imag-
ing, it is well known that pertechnetate is an effective iodide substitute
and is less expensive than 123I-iodide.
Another transporter, the human norepinephrine transporter (hNET),

has been studied in immunocompromised animals and shown
to be an effective human reporter gene using either 123/124/131I-meta-
iodobenzylguanidine (MIBG) or 18F-meta-fluorobenzylguanidine
(MFBG) (177–179). The hNET reporter and 18F-MFBG compose an
excellent human reporter system for potential translation into the
clinic.
Two human receptors have been developed for reporter imaging:

the dopamine type 2 receptor (hD2R) (180,181) and the somatostatin

FIGURE 7. Diagnostic adoptive cell transfer. (A) Macrophages are genetically engineered to

secrete synthetic biomarker on adopting tumor-associated metabolic profile. (B and C) Engi-

neered macrophages are injected intravenously into syngeneic hosts (B) and allowed to home

to existing sites of disease (C). (D) Blood test can then be used to monitor for secretion of bio-

marker that would indicate presence of disease. (E) This system can also provide spatial infor-

mation on immune cell activation with use of imageable synthetic biomarker. RBC 5 red blood

cell; Macs 5 macrophages. (Reprinted with permission of (167).)

TABLE 1
Human Reporter Gene–Imaging Agent Pairs

Reporter gene Imaging agent

hNIS 2123/124/131I-iodide, 99mTc-pertechnetate, 18F-tetrafluoroborate

hNET 123/124/131I-MIBG, 18F-MFBG

hSSTR2 68Ga-DOTATOC, 68Ga-DOTATATE

hD2R 18F-3-(2′-18F-fluoroethyl)spiperone, 11C-raclopride, 18F-fallypride

Mitochondrial thymidine kinase 2 (human thymidine kinase 2,
TK2-DM)

124I-FIAU, 18F-FEAU, 18F-L-FMAU

Deoxycytidine kinase double mutant (dCK-A100VTM) 124I-FIAU, 18F-FEAU, 18F-L-FMAU

18F-L-FMAU 5 2′-deoxy-2′-18F-fluoro-5-methyl-1-β-L-arabinofuranosyluracil.
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receptor subtype 2 (hSSTR2) (182–185). What is attractive about
these human reporter genes is the availability of clinically approved
radiotracers for PET imaging: 3-(29-18F-fluoroethyl)spiperone
for hD2R and 68Ga-DOTATOC or 68Ga-DOTATE for hSSTR2.
However, there has been limited follow-up with further preclinical
studies using the hD2R 3-(29-18F-fluoroethyl)spiperone reporter
system and only slightly more with the hSSTR2 68Ga-DOTATOC or
68Ga-DOTATE reporter system. One concern relates to receptor-
mediated G-protein signaling in the reporter-transduced target cells,
initiated in response to endogenous substrates. This concern was
abrogated by successful mutation of the hD2R reporter gene,
resulting in uncoupling from adenylate cyclase modulation but
not 3-(29-18F-fluoroethyl)spiperone binding and reporter function
(186). Recently, a human genetic reporter, SSTR2, was success-
fully applied for PET imaging of whole-body T-cell distribution
and antitumor dynamics using a clinically approved radiotracer.
SSTR2-expressing T cells were detectable at low densities with high
sensitivity and specificity (187).
We compared 4 different PET-based reporter systems (hNET, hNIS, a

human deoxycytidine kinase double mutant, and HSV1-tk) for their
ability to image locally injected, reporter-transduced human T cells
(188). The hNET 18F-MFBG reporter system was most sensitive; it
could detect less than 105 T cells/cm3 of imaging volume. This sen-
sitivity was primarily due to the high uptake of 18F-MFBG in the
transduced T cells and low background activity in the body (Fig. 8).
Mutated versions of 2 human nucleoside kinases, thymidine

kinase 2 (TK2-DM) and deoxycytidine kinase (dCK-A100VTM),
which use positron-emitting nucleoside analogs, have been
developed (189,190). A detailed comparison of PET reporter
genes with corresponding PET reporter probes was performed
(191,192) and showed that the detection sensitivity of human PET
reporter genes and PET reporter probes is comparable to or better
than that of HSV1-sr39TK/18F-FHBG.
In addition to the human reporters, prostate-specific membrane

antigen (PSMA), a human transmembrane protein, has been suggested
for use as an imaging–therapeutic reporter system. High expres-
sion in prostate cancer and low expression in only a few tissues
(e.g., normal prostate, proximal tubules of the kidney, and brain
vasculature) (193) allow imaging of tumor cells that express the
cell-surface form of PSMA. The availability of numerous PSMA-
binding ligands for the radiolabeling has provided broader applica-
bility and use of PSMA reporter imaging and targeted radiotherapy
for prostate cancer (194–196). The combination of tissue-restricted
expression, human biocompatibility, and availability of several im-
aging probes supports the potential for PSMA as a theranostic re-
porter system (197). However, the observation that PSMA activates
the phosphoinositide-3-kinase pathways creates an obstacle to the
application of PSMA as the imaging gene (198), especially for T-cell
tracking.
Recently, a series of publications described a new human PET

reporter gene—pyruvate kinase muscle isozyme 2, with its asso-
ciated radiotracer, 18F-DASA-23 (1-((2-fluoro-6-18F-fluorophenyl)
sulfonyl)-4-((4-methoxyphenyl)sulfonyl)piperazine)—as a suitable
reporter gene (199–201). An advantage of this reporter system is
the potential for monitoring gene therapy in the central nervous
system, because 18F-DASA-23 readily crosses the blood–brain bar-
rier. Another approach is the use of antibody-based or antibody
fragment–based reporter imaging, in which the cell-surface expres-
sion of radiometal chelate–binding antibodies irreversibly captures
probe molecules (202). This is a novel and promising platform for
the development of reporter probe–reporter gene combinations.

It is well known that the time after injection of a radiotracer has
a large impact on the images and their interpretation. This is true for
reporter gene imaging as well and is shown for the hNET–131I-MIBG
reporter system (Fig. 9). Washout of 131I-MIBG from the nontrans-
duced C6 tumor occurred at a moderate rate, whereas that from the
hNET-transduced C6 tumor was slow, even after correction for back-
ground radioactivity. The tumor-to-background ratio was highly
time-dependent. A similar observation was made for 124I-FIAU and
HSV1-tk transduced tumors; however, the background-corrected tu-
mor radioactivity was fairly stable over 48 h, indicating effective
trapping of 124I-FIAU-phosphate in the tumor cells (203). The effect
of postinjection imaging time must be considered when comparing
different reporter gene imaging studies.

MRI-BASED REPORTER SYSTEMS: PRECLINICAL STUDIES

MRI reporter systems have the potential for higher resolution
than can be achieved by PET, although far fewer MRI-based
reporter systems have been described. The development of MRI
reporter genes has focused largely on iron-accumulating proteins
such as the ferritin heavy chain and the transferrin receptor

FIGURE 8. Imaging sensitivity for reporter-transduced T cells. (A) Sen-

sitivity of hNET-18F-MFBG reporter system for imaging human T cells.

(Reprinted from (188).) (B) hNET reporter-transduced T cells imaged 4 h

after intravenous injection of 18F-MFBG. Number of imageable T cells (above

background level) is more than 31,515 (R 5 0.80). ID 5 injected dose;

hsvTK 5 herpes simplex virus type 1 thymidine kinase (hsvTK); dCK 5
human deoxycytidine kinase double mutant (hdCKDM).
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(204,205). However, this strategy results in negative contrast in
the MR image and is associated with low sensitivity (mM range)
compared with the positive contrast in the PET image and high
sensitivity (low nM) (206). Furthermore, once the reporter-trans-
duced cells accumulate iron, they retain it for long periods, and if
the cells die, the iron is taken up by macrophages, thereby negat-
ing the reversibility of iron-based reporters and precluding their
use for sequential longitudinal imaging. Alternatively, positive-con-
trast MRI reporter genes have also been developed (207–209). Several
of these positive-contrast reporters are based on a family of organic
anion–transporting polypeptide proteins and apply a paramagnetic
gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid agent
that is used in the clinic (210). A human organic anion–transporting
polypeptide 1B3 reporter has been tested successfully in tumor
xenografts expressing organic anion–transporting polypeptide 1B3;
gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid en-
hancement was shown on a 7-T MRI scanner (211).

RADIONUCLIDE-BASED REPORTER GENE IMAGING:

CLINICAL STUDIES

Many of the initial preclinical radionuclide-based reporter imaging
strategies and applications were performed with the potential for

future translation to clinical studies (15,85,94). One early example
was HSV1-tk viral gene therapy of brain tumors, which was actively
pursued in the late 1990s (212–218). In most of these studies, the
expression level of HSV1-tk was not measured in the target tumor,
and therefore HSV1-tk enzyme levels at the time of ganciclovir
administration were unknown. Despite extensive resources, effort,
and cost allocated to these clinical trials by the pharmaceutical in-
dustry, little or no clinical benefit was observed. As a result, further
HSV1-tk–ganciclovir gene therapy trials in brain tumors rapidly de-
clined (219–221). Interestingly, a PET imaging and therapeutic study
(220) showed little HSV1-tk expression in the tumors before ganciclovir
treatment (only 1 of 5 patients; Fig. 10A). Similarly, a SPECT study
showed no detectable HSV1-tk expression (0 of 8 patients) (221).
On the basis of our preclinical studies on rats, we showed a

highly significant direct relationship between FIAU uptake and
ganciclovir sensitivity (inverse relationship with ganciclovir half-
maximal inhibitory concentration) that was independent of cell
line or transduction vector (85). Because PET imaging of HSV1-tk
gene expression in transduced tumors reflects the level of HSV1-tk
gene expression, we compared the level of 124I-FIAU accumula-
tion (% dose/g) with an independent measure of HSV1-tk expres-
sion in the cell lines that were used to generate these tumors.
Plotting the results obtained in 5 different tumors, we were able

FIGURE 9. (A) Sequential small-animal PET images of 124I-MIBG-hNET over 72 h in same mouse bearing transduced C6/hNET-IRES-GFP

xenograft and C6 wild-type xenograft in opposite shoulders, after intravenous injection of 7.4 MBq (200 μCi) of 124I-MIBG. (B) Time–activity profiles

of 124I-MIBG accumulation. Tumor radioactivity (percentage dose/mL; maximum pixel value) was determined from sequential small-animal PET

images. (C) Background-corrected radioactivity profile (transduced xenograft-to-nontransduced xenograft) for xenograft. (D) Time profile of per-

centage of measured radioactivity that represents background-corrected radioactivity for xenograft. (E) Time profile of transduced-to-nontrans-

duced (background) xenograft ratio. Values are mean ± SD (n 5 10). ID 5 injected dose. (Adapted with permission of (188).)
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to estimate that 124I-FIAU PET imaging should be able to detect
approximately a tenth of the concentration of HSV1-tk enzyme
required to achieve tumor cell lethality after a clinical dose of
ganciclovir (85). This analysis is consistent with the minimal clin-
ical benefit observed in brain tumor–HSV1-tk gene therapy trials
and the lack of or minimal uptake of 124I-FIAU observed on PET
imaging (220). These studies and comparisons highlight the neces-
sity and potential of incorporating PET reporter imaging into clin-
ical trials in which the targeting, concentration, and persistence of
the therapeutic gene can be imaged and used to guide therapeutic
decisions.

One of the more successful PET reporter
imaging studies was published in 2005
(222), with 18F-FHBG being used to mon-
itor thymidine kinase gene expression after
intratumoral injection of a first-generation
recombinant adenovirus expressing HSV1-
tk in patients with hepatocellular carci-
noma. This study showed that transgene
expression in the tumor was dependent on
the injected dose of the adenovirus (detect-
able in all patients who received .1012

viral particles), whereas no specific expres-
sion of HSV1-tk could be detected in dis-
tant organs or in the surrounding cirrhotic
tissue in any of the patients studied (Fig.
10B). Interestingly, 9 d after vector injec-
tion, no HSV1-tk expression could be ob-
served; the authors suggested that this result
could reflect elimination of HSV-tk–trans-
duced cells after valganciclovir treatment
or insufficient sensitivity of the technique
for detection of low levels of HSV1-tk.
Nevertheless, this study demonstrated that
PET reporter imaging can help in the design

of gene therapy strategies and in the clinical assessment of new-
generation vectors.
In 2009 and 2017, the Gambhir group followed up on the

Spanish study (222) with publications documenting successful
noninvasive detection of CTLs genetically engineered to express
HSV1-tk, after injection into the postresection tumor cavity of
patients with glioma (223,224). The trial involved infusion of ex
vivo expanded autologous CTLs genetically engineered to express
the interleukin 13 zetakine gene (which encodes a receptor protein
that targets these T cells to tumor cells) and the HSV1-tk as a suicide
gene and as a PET imaging reporter gene (Fig. 11). These were the

first studies to document reporter-gene–based
imaging of therapeutic chimeric antigen re-
ceptor T cells in patients. 18F-FHBG PET
imaging was found to be safe (223) and en-
abled the longitudinal imaging of T cells sta-
bly transfected with a PET reporter gene in
patients. These studies also point out that 18F-
FHBG, which normally cannot cross the
blood–brain barrier, can accumulate in gli-
omas with a disrupted blood–brain barrier
and detect chimeric antigen receptor T cells
that express HSV1-tk.
Although not performed on humans, re-

petitive PET/CT imaging with 18F-FEAU was
performed on 2 nonhuman primates injected
with autologous polyclonal macaque T lym-
phocytes transduced with the HSV1-sr39tk
reporter gene. Labeled T cells were detected
after intravenous injection in discrete lym-
phoid organs and in sites of inflammation.
This study represents a proof of principle
and supports the application of 18F-FEAU
PET/CT imaging for monitoring the distri-
bution of intravenously administered HSV1-
sr39tk gene–transduced CTLs in humans
(225).

FIGURE 10. (A) HSV1-tk reporter gene imaging in GBM patient. Liposomal (LIPO) encapsulated

HSV1-tk DNA was injected directly into tumor cavity. PET reporter imaging was performed (at 1

and 68 h after 124I-FIAU administration) before and after ganciclovir administration. (Reprinted

with permission of (220).) (B) 18F-FHBG PET of liver cancer patient treated with direct intratumor

injection of adenoviral HSV1-sr39tk (Adv HSV1-tksr39). Arrow is showing tumor localized radioac-

tivity seen only on day 2, not on days 9 or 30. Radioactive background was detected in intestine (I)

and bladder (B). (Reprinted with permission of (222).)

FIGURE 11. Reporter gene imaging of targeted T-cell immunotherapy in recurrent glioma. (A

and B) 18F-FHBG PET imaging was performed on patient with recurrent glioma before (A) and 7

d after (B) CTL infusions directly into tumor cavity. Tumor recurrence was monitored by T1-

weighted (T1W) MRI. 18F-FHBG PET images were fused with MR images. (C) Voxelwise analysis

of 18F-FHBG SUV in pre- and post-CTL infusion scans was performed. (D) Small but significant

changes (paired Wilcoxon test) in 18F-FHBG total activity were observed after CTL infusions.

(Adapted with permission of (224).)
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Similarly, a study on a pig model of myocardial infarction (2012)
showed that the assessment of pluripotent stem cell survival, engraft-
ment, and distribution was feasible. Using a constitutive NIS trans-
gene, 123I-iodide, and SPECT, the investigators could visualize viable
NIS-positive pluripotent stem cells for up to 15 wk after cardiac in-
jection (226). Immunohistochemistry demonstrated that stem cell–
derived endothelial cells contributed to revascularization. This was
the first study to describe successful repeated long-term in vivo
imaging of viability and tissue distribution of cellular grafts in large
animals and demonstrated vascular differentiation and long-term
engraftment of pluripotent stem cells in a large-animal model of
myocardial infarction.

THE PROMISE: HAS REPORTER GENE IMAGING DELIVERED?

The promise was to facilitate clinical management of gene ther-
apy and adoptive cell therapy in selected patient populations.
Radionuclide-based reporter gene imaging (and molecular imag-
ing in general) is well suited to accomplish this task, as much of
the imaging infrastructure exists. Radionuclide-based imaging strate-
gies have expanded rapidly since the mid 1990s. This growth was
significantly accelerated by several National Cancer Institute–spon-
sored initiatives. For example, cancer imaging was identified as 1 of
6 extraordinary scientific opportunities by Richard Klausner at the
National Cancer Institute in 1997–1998, and the National Cancer In-
stitute subsequent funded a small-animal imaging resources program
and an in vivo cellular and molecular imaging program. Additional
support from the National Cancer Institute and the National Institutes
of Health followed, including programs focused on translational mo-
lecular imaging that supported the development of novel technol-
ogies, academic–industrial partnerships, and early-phase clinical
trials for first-in-human studies. These disciplines have now con-
verged to provide a well-established foundation for exciting new
research opportunities and for translation into clinical applications.
The clinical application of radionuclide-based reporter gene

imaging was expected to expand as new reporter systems (both
transgenes and probes) were developed and became more widely
available. However, concern was raised about the potential for
immune rejection of reporter-transduced cells and tissue. This
concern has been increasing, particularly with respect to the
incorporation of viral reporter genes into clinical studies. Several
groups, including our own, focused on developing human reporter
genes with complementary and well-established, clinically ap-
proved radiopharmaceuticals for PET and g-camera imaging in
patients. Nevertheless, the process of establishing humanized re-
porter systems and including them in clinical studies has been
slow to develop. There are now 7 well-defined human reporter
genes (hNIS, hNET, hD2R, hSSTR2, PSMA, human thymidine
kinase 2, and human deoxycytidine kinase double mutant) with
complementary radiolabeled substrates available for clinical stud-
ies (Table 1). All 7 complementary pairs (gene 1 probe) are good
candidates for future reporter gene imaging in patients, although
only the hNIS reporter system is currently moving forward in
clinical trials. Importantly, these human genes are less likely to
be immunogenic than are the reporter genes currently used in animals
(e.g., viral thymidine kinases, luciferases, and fluorescent proteins).
A single reporter gene–reporter probe pair can be used in dif-

ferent reporter constructs to image many different biologic and
molecular genetic processes. Once a complementary reporter pair
has been approved for human studies, the major regulatory focus
shifts to the particular backbone and regulatory sequence of the
reporter construct and to the vector used to target reporter transduction

to specific cells or tissues, both ex vivo and in vivo. Therefore, inves-
tigators are pursuing concurrent development of more efficient and
safe vector systems to deliver and target transgenes to selected organs,
tissues, and cells. For example, current efforts in chimeric antigen
receptor T-cell therapy are focused on the design of optimal trans-
duction plasmids (227) and constructs to help overcome a variety of
potential issues within the tumor microenvironment, especially in
solid tumors, which are considered to be the next generation of
cancer hallmarks (228,229). Ideal vectors for targeting specific or-
gans or tumor tissues do not yet exist, although this area of human
gene therapy research remains active.
Each new vector and reporter construct requires extensive and time-

consuming safety testing before it can receive regulatory approval
for human administration. Nevertheless, reporter gene imaging,
particularly the genetic labeling of cells, has several advantages.
For example, it is possible to develop and validate reporter-based
imaging strategies more rapidly and at considerably lower cost than
direct imaging strategies, in which a single radiolabeled probe is
developed, validated, and approved for targeting a specific epitope,
because only a small number of well-characterized, validated, and
approved reporter gene–reporter probe pairs need to be established.
Nevertheless, cost remains a problem. In one of the latest human

reporter gene studies, costs were estimated to be approximately
$200,000 per patient (230). These included the cost of obtaining
an investigational new drug approval from the Food and Drug
Administration for 18F-FHBG, coupled with the complexity of the im-
munotherapy strategy in the first patient studied. Performing human re-
porter gene studies requires a good-manufacturing-practice–approved
facility to harvest, transduce, and expand human-derived cells for rein-
jection into the patient (Fig. 12). Good-manufacturing-practice
facilities for such activities are expensive to operate and are not
widely available.

REPORTER GENE IMAGING: MOVING FORWARD

PET reporter gene imaging can provide practical and clinically useful
information that identifies successful gene transduction and expression
in patients undergoing gene therapy and can define the location, mag-
nitude, and persistence of gene expression over time. One could argue
that biopsies of target tissue could be performed and that imaging is not
critical. However, imaging provides some clear advantages, including
the ability to repeatedly assess gene expression over time, especially
when multiple sequential biopsies are not feasible; the absence of
any perturbation of the underlying tissue that occurs with biopsy
procedures; and the ability to obtain spatial information about the
entire body as well as target organs and tumors, which could be of
considerable value when addressing toxicity issues.
Reporter gene imaging will continue to be limited in patients for

2 reasons. The first is the need to transduce cells and target tissues
with specific reporter constructs, and the second is the absence of
optimal vectors for targeting specific organs or tissues, although
considerable progress has been made in the ex vivo transduction of
human-derived cells (227,231,232) and this continues to be an active
area of research. Each new vector will require extensive and time-
consuming safety testing before Food and Drug Administration
approval for human administration. However, this requirement
may ease somewhat once a small number of reporter-gene–re-
porter-probe combinations become established for clinical use. At
least 2 different reporter constructs will be required in most future
applications of reporter gene imaging. The first will be a constitutive
reporter that will be used to identify the site, extent, and duration of
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vector delivery and tissue transduction or to identify the distribu-
tion/trafficking, homing/targeting, and persistence of adoptively ad-
ministered cells. The second will be an inducible reporter that is
sensitive to endogenous transcription factors, signaling pathways, or
protein–protein interactions and can monitor the biologic activity
and function of the transduced cells.
We and others have suggested that the initial clinical application

of an inducible reporter is likely to require transduction with a
constitutive reporter as well. Such double-reporter systems would
likely be used in patients as part of a gene therapy protocol or an
adoptive cell–based therapy protocol, in which the patient’s own
cells are harvested (e.g., lymphocytes, T cells, or blood-derived
progenitor cells), transduced with 2 reporter systems, expanded
ex vivo, and then adoptively readministered to the patient. The in-
ducible reporter would function as the sensor (the numerator), and
the constitutive reporter would function as the normalizing term
(the denominator). For example, dual-reporter gene imaging of
adoptive T-cell therapy could provide a strategy for imaging T-cell
activation (using an NFAT-inducible reporter), in which the NFAT
reporter measurement is normalized to the local T-cell number
(using a constitutive reporter). Such a dual-reporter system has
the capacity for imaging T-cell trafficking, targeting, proliferation,
and persistence, as well as T-cell activation (138,154). These issues
could be addressed quantitatively by repetitive PET imaging of the
double-reporter system in the same subject over time.
An established base of reporter systems has been built (Table 1),

and these systems can be used to develop several inducible and
constitutive reporter constructs for human application. One key re-
quirement for these reporter gene systems is that they be as biolog-
ically and immunologically inert as possible. Furthermore, an ideal
reporter system would also incorporate a suicide component to enable
the elimination of transduced cells in the event of malignant trans-
formation. The number of reporter systems will be limited, and they
are more likely to include human reporter genes for which clinically
approved radiolabeled probes exist (e.g., hNIS, hNET, hD2R, and

hSSTR2). Nevertheless, the cost factor in
implementing such studies is likely to be
high, at least initially.
We remain optimistic; the tools and

resources largely exist, and we should soon
be able to perform gene-imaging studies on
patients. The advantages and benefits of
noninvasive imaging to monitor transgene
expression in gene therapy protocols are
obvious. By using inducible reporters, we
will have the ability to visualize transcrip-
tional and posttranscriptional regulation of
endogenous target gene expression, as well
as specific intracellular protein–protein inter-
actions in patients, which will provide the
opportunity for new experimental venues in
patients. These venues include the potential
to image the malignant phenotype of an in-
dividual patient’s tumor at a molecular level
and to monitor changes in the phenotype
over time. The potential to image a drug’s
effect on a specific signal transduction path-
way in an individual patient’s tumor provides
the opportunity to monitor treatment response
at the molecular level.
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