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Visualization of gene expression in the live subject
using the Na/I symporter as a reporter gene:
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Biotherapies involve the utilization of antibodies, genetically modified viruses, bacteria or cells for therapeutic purposes.
Molecular imaging has the potential to provide unique information that will guarantee their biosafety in humans and provide
a rationale for the future development of new generations of reagents. In this context, non-invasive imaging of gene expression
is an attractive prospect, allowing precise, spacio-temporal measurements of gene expression in longitudinal studies involving
gene transfer vectors. With the emergence of cell therapies in regenerative medicine, it is also possible to track cells injected
into subjects. In this context, the Na/I symporter (NIS) has been used in preclinical studies. Associated with a relevant
radiotracer (123I-, 124I-, 99mTcO4-), NIS can be used to monitor gene transfer and the spread of selectively replicative viruses in
tumours as well as in cells with a therapeutic potential. In addition to its imaging potential, NIS can be used as a therapeutic
transgene through its ability to concentrate therapeutic doses of radionuclides in target cells. This dual property has
applications in cancer treatment and could also be used to eradicate cells with therapeutic potential in the case of adverse
events. Through experience acquired in preclinical studies, we can expect that non-invasive molecular imaging using NIS as
a transgene will be pivotal for monitoring in vivo the exact distribution and pharmacodynamics of gene expression in a precise
and quantitative way. This review highlights the applications of NIS in biotherapy, with a particular emphasis on image-guided
radiotherapy, monitoring of gene and vector biodistribution and trafficking of stem cells.
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Introduction

The development of technologies allowing the imaging of
biological processes in live subjects started 40 years ago and is

now in an exponentially growing phase. By definition,
molecular imaging is the visual representation and character-
ization of biological processes at both the cellular and subcel-
lular level (Blasberg, 2003). Applications of molecular imaging
technology in biomedicine are large. It can facilitate tumour
detection at an early stage for diagnosis (Kelly et al., 2008),
provide early information on the efficiency of a treatment
(Geus-Oei and Oyen, 2008), offer opportunities to study
fundamental biological processes in living animal models
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(Doubrovin et al., 2001) and provide alternative treatments
(Barton et al., 2008).

One of the fields that could most benefit from this technol-
ogy is biotherapies. Biotherapies use reagents of biological
origin (antibodies, viruses, bacteria) for therapeutic effect.
Considering the complexity of these reagents, molecular
imaging has the potential to provide unique information that
will guarantee their biosafety in humans and provide a ratio-
nale for the future development of new generations of
reagents. In this context, non-invasive imaging of gene
expression is an attractive prospect, allowing precise, spacio-
temporal measurements of gene expression in longitudinal
studies involving gene transfer vectors (Vassaux and Groot-
Wassink, 2003; Raty et al., 2007). With the emergence of cell
therapies in regenerative medicine, it is also possible to track
cells injected into subjects. The monitoring of in vivo gene
expression is critical for the evaluation of the success or failure
of biotherapeutic approaches. Tissue sampling can provide
useful information to monitor clinical response, but repeat-
edly performing biopsies on multiple tissues is inconvenient
and impossible in patients. Hence, the assessment of samples
is poorly reproducible and is limited by the inaccessibility of
some internal organs. Thus, techniques for repeated, non-
invasive imaging of therapeutic gene expression are highly
desirable. To be applicable, the imaging technique should
provide precise information about the location, magnitude
and persistence of transgene expression over time.

Different imaging technologies to visualize gene expression
have been developed or are under development. They can be
classed into two groups, according to whether or not radio-
isotopes are used to obtain visual information (Table 1)
(Blasberg, 2003; Serganova et al., 2007).

The non-nuclear medicine group includes magnetic reso-
nance imaging, bioluminescence and fluorescence imaging
(Briat and Vassaux, 2006). These technologies are currently
mostly used in laboratory studies but, in their current state of
development, cannot realistically be applied to humans. The
most widely used technique is bioluminescence imaging,
which relies on the detection of light emitted by oxidation of
the luciferin substrate upon catalysis by the luciferase enzyme
(Sweeney et al., 1999; Negrin and Contag, 2006). This reac-
tion requires ATP, magnesium and oxygen. The biolumines-
cence emitted can be detected and amplified, revealing the
sites of luciferase expression. In transgenic animals, this tech-
nology can be used to detect the activation of specific signal-
ling pathways (Hamstra et al., 2006; Briat and Vassaux, 2008).

Fluorescence imaging using GFP has many advantages as GFP
is easily introduced into cells via transfection and can be fused
to other proteins allowing dynamic monitoring of cellular
processes (Hadjantonakis et al., 2003). However, both of these
methodologies are poorly sensitive and have limited depth of
penetration and resolution. The second group (e.g. nuclear
medicine-based technologies) is based on the ability of scan-
ners to detect and localize gamma ray emission from the
decay of a radiotracer. PET and SPECT scanners and the
gamma camera are the three main types of scanners used in
nuclear medicine. These currently offer the greatest potential
for translation into clinical applications (Vassaux and Groot-
Wassink, 2003; Penuelas et al., 2005). They are highly sensi-
tive and provide good spatial resolution, especially when they
are coupled by macroscopic imaging systems such as com-
puted tomography. These technologies, however, require
more expensive cameras, and radioactivity. Their uses and
imaging modalities will be discussed in this review.

To image gene expression, a reporter gene and specific
radio-labelled probes are required (Table 2) (Blasberg, 2003).
The general principle is that, upon expression of the reporter
gene, the biodistribution of a tracer molecule is altered,
leading to its local concentration at the site of reporter gene
expression (Vassaux and Groot-Wassink, 2003). Three types
of reporter gene families are currently being developed, based
on enzymatic activities (Tjuvajev et al., 1996; 1998), the pres-
ence of specific receptors (Rogers et al., 2005) or ionic trans-
port mediated by membrane proteins (Groot-Wassink et al.,
2002; 2004a,b). As an example, HSV-1-tk is able to phospho-
rylate a freely diffusible, radio-labelled substrate which
becomes trapped inside target cells when phosphorylated by
the enzyme. This local accumulation of the radio-labelled
tracer can be detected using nuclear imaging techniques,
depending on the isotope used (Tjuvajev et al., 1996; 1998)
and has been developed for various applications (Koehne
et al., 2003).

In this review, we will focus on imaging technology exploit-
ing NIS as a reporter gene. The first part of the review will
describe the biological function of NIS. In the second part, we
will discuss the imaging potential of NIS to monitor gene
expression in the live subject using nuclear imaging technol-
ogy. Direct application of NIS as a gene reporter for bio-
therapy purposes will be developed in a final section. We will
emphasize in particular its potential in (i) image-guided radio-
therapy; (ii) monitoring of gene and vector biodistribution;
and (iii) trafficking of stem cells.

Table 1 Overview of imaging systems

Imaging modalitya Resolution Depth Temporal resolution Sensitivityb Quantitative Costc Clinical use

MRI 10-100 mM No limit Minutes to hours 10-3 to 10-5 M Yes Most expensive Yes
CT 50 mM No limit Minutes no probes No Expensive Yes
PET 1–2 mm No limit Minutes to hours 10-11 to 10-12 M Yes Most expensive Yes
SPECT 1–2 mm No limit Minutes to hours 10-10 to 10-12 M Yes Most expensive Yes
Bioluminescence 3–5 mm cm Minutes 10-15 to 10-17 M No Cheap No
Fluorescence 2–3 mm cm Minutes to hour 10-9 to 10-12 M No Cheap No

aTable adapted from Blasberg, 2003 and Vassaux and Groot-Wassink, 2003.
bProbe concentrations.
cCost is based on purchase price of the imaging system.
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The sodium-iodide symporter

Biological function
The sodium iodide symporter (NIS) is a member of the
sodium/solute family of proteins composed of the sodium/
glucose co-transporter (SLC5), the sodium/myo-inositol sym-
porter (SMIT), the sodium/proline symporter (NPT), the
sodium/multivitamin transporter (SMVT) and the high-
affinity choline transporter (CHT). All of these proteins share
the same biological function to transport molecules across a
phospholipid membrane using an electrochemical gradient of
sodium ions (Na+) as carrier and an ATP-driven pump (Jung,
2002).

NIS is present on the basolateral membrane of thyroid fol-
licular cells and is responsible for the active transport of
iodide into the thyroid gland. Its presence in thyrocytes is
required for the synthesis of thyroid hormones, T3 and T4

(Kogai et al., 2006). NIS co-transports sodium and iodide ions
into the cells in a 2:1 (Na+:I-) ratio. The energy required for the
transport of iodide against the cellular electrochemical gradi-
ent is generated via the sodium/potassium (Na+/K+) ATPase.
Therefore, in the thyroid, NIS is inhibited by factors that
reduce the activity of the Na+/K+ ATPase, such as ouabain, and
also by molecules capable of competing with iodide transport,
such as thiocyanate (SCN-), perchlorate (ClO4

-) and other
anions. Within thyroid cells, iodide is transported into the
thyroid colloid by passive transport across the apical plasma
membrane, implicating two potential iodide transporters:
pendrin and apical iodide transporter (AIT). In the colloid,
iodide is oxidized by thyroid peroxidase enzyme (TPO) to
form active iodine, which is incorporated into tyrosine resi-
dues of thyroglobulin molecules for the synthesis of the
thyroid hormones, T3 and T4. Iodine is, therefore, trapped in
the thyroid gland by organification (Kogai et al., 2006).

In addition to its expression in the thyroid, NIS is detectable
and active in the salivary glands, gastric mucosa and lactating
mammary glands (Tazebay et al., 2000; Kogai et al., 2006).
However, the level of expression of NIS is lower in these
tissues than in thyroid tissues. As in the thyroid, NIS is
capable of mediating iodide uptake in these other tissues and
this process can be blocked by thiocyanate and perchlorate

anions. In contrast to thyroid tissues, there is no long-term
retention of iodine and the expression of NIS is not regulated
by TSH (Tazebay et al., 2000; Kogai et al., 2006). This indicates
that iodide organification is a particular and unique charac-
teristic of the thyroid gland, which can not be easily trans-
posed to other tissues. The physiological function of NIS in
extra-thyroidal tissues is still unclear.

NIS cloning, structure and expression in normal cells
The rat NIS gene was first cloned and characterized in 1996
(Dai et al., 1996), rapidly followed by the human NIS gene
(hNIS) (Smanik et al., 1996). The knowledge of the coding
sequence of NIS was crucial to understanding the regulation
of NIS in the thyroid and its implication in thyroid disorders
and treatments. The hNIS gene encodes a 3.9 kb mRNA tran-
script coding for a glycoprotein of 643 amino acids with a
molecular mass of 70 to 90 kDa, depending on post-
translational modifications. NIS is a 13 transmembrane
domain protein with an extracellular amino- and intracellular
carboxy-terminus that has strong amino acid sequence
homology with the mouse, rat and pig NIS proteins (82.8%,
83% and 84.1% respectively).

NIS expression and functional activity are regulated at
many different levels, from transcriptional activation to post
translational modifications. As thyroidal NIS is only func-
tional in the basolateral membrane of thyroid follicular cells,
subcellular shuttling and plasma membrane retention signals
also control NIS activity (Kogai et al., 2006).

Stimulation of NIS expression by TSH represents the main
regulatory system of NIS expression in the thyroid. TSH is a
30 kDa glycoprotein that binds to its receptor, expressed on
the basolateral membrane of thyroid follicular cells. Upon
binding, the cAMP cell signalling pathway is activated, induc-
ing downstream transcriptional activation of the NIS gene
(Fenton et al., 2008) and iodide uptake in TSH stimulated-cells
(Riedel et al., 2001). TSH was found also to control transloca-
tion and retention of NIS at the plasma membrane, providing
an additional level of control of its activity (Riedel et al., 2001;
Ferreira et al., 2005). NIS regulation by TSH-cAMP signalling is
mediated to a large extent by an enhancer region (Fenton

Table 2 Examples of human reporter genes, radiolabeled probes and imaging modalities

Class of reporter genesa Gene Reporter probes Imaging modalities

Enzyme HSV-1-tk [123,124, 125,131I]FIAU; [18F]FEAU
[18F]GCV; [18F]FPCV; [18F]FHBG

Scintigraphy, PET, SPECT

Luciferase D-Luciferin Bioluminescence
TK2 [124I]FIAU; [18F]FEAU SPECT, PET
GFP Fluorochromes Fluorescence camera

Transporter NIS [123,124,131I]NaI; [99mTc]pertechnetate
[186,188Re]perrhenate

Scintigraphy, PET, SPECT

NET [123I]MIBG Scintigraphy, SPECT
Receptor SSTR2 [188Re]P829, [99mTc]P829

[111In]DTPA-D-Phe1-octreotide
Scintigraphy, PET

D2 receptor [18F]FESP PET

aTable adapted from Blasberg, 2003; Vassaux and Groot-Wassink, 2003; Briat and Vassaux, 2006 and Serganova et al., 2007.
D2, dopamine receptor 2; FEAU, 2′-fluoro-5-ethyl-1-b-D-arabinofuranosyluracil; FESP, Fluoroethylspiperone; FHBG, fluoro-3-(hydroxymethyl)butyl] guanine; FIAU,
2’deoxy-2′-fluoro-1-beta -d-arabinofuranosyl-5- iodo-uridine; FPCV, fluoropenciclovir; GCV, ganciclovir; MIBG, metaiodobenzylguanidine; NET, Norepinephrine
transporter; SSTR2, Somatostatin subtype 2; TK2, Mitochondrial thymidine kinase2.
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et al., 2008) located upstream of the proximal promoter of the
human NIS gene (Fenton et al., 2008). These regulatory
domains contain binding sites for thyroid-selective transcrip-
tion factors such as Pax-8 and TTF-1 as well as a cAMP-
responsive element binding protein (CREB) (Taki et al., 2002;
Fenton et al., 2008). In addition to TSH, IGF-1, retinoic acid,
IFN-g and direct activation of the PI3-kinase and p38 MAPK
pathways were found to be involved in the regulation of NIS
expression in thyroid, whereas in lactating breast and in
breast cancer cells, prolactin enhances the expression of NIS
(Pekary and Hershman, 1998; Filetti et al., 1999; Garcia and
Santisteban, 2002; Arturi et al., 2005; Kogai et al., 2008). Con-
versely, thyroglobulin suppresses the expression of NIS mRNA
and of other thyroid-specific genes such as TPO and TRs,
providing a sensitive control of NIS activity in the thyroid
(Kogai et al., 2006; Suzuki and Kohn, 2006).

NIS expression in thyroidal and non-thyroid cancer cells
Advanced but well-differentiated thyroid cancer has been
treated successfully for more than 50 years with radioiodine
(131I) therapy (Siegel, 1999). This tumour type expresses high
levels of NIS, although its expression is heterogeneous among
the tumour, and expresses as well other thyroid-specific genes
which are required for the organification of radioiodine (Saito
et al., 1998; Wapnir et al., 2003; Lee et al., 2007). Conse-
quently, upon injection of 131I, thyroid tumour cells accumu-
late and retain radiodide resulting in tumour radioablation by
emission of b-particles and g-radiation.

For other thyroidal cancers, the potency of radioiodide
treatment is directly related to the effective radiation dose
delivered to the tumour. NIS expression in poorly differenti-
ated thyroid cancer tissues is variable and in some cases is
down-regulated as compared with normal thyroid tissues.
Consequently, iodide uptake is diminished and radiotherapy
is largely ineffective. However, this limitation could be over-
come using TSH stimulation of the thyroid prior to radioio-
dide administration (Jarzab et al., 2003) or by using
pharmacological agents such as lithium to prolong the bio-
logical half-life of iodide in thyroid tissues (Elisei et al., 2006).

Regarding non-thyroid cancer tissues, up to 83% of invasive
human breast carcinomas expressed NIS, whereas normal
breast tissues are negative for the expression of NIS (Wapnir
et al., 2003). However, in two independent studies, only 20 to
25% of NIS-positive tumours showed functional iodide-
radiotracer uptake. This could be explained by the fact that, in
these malignant tissues, both plasma membrane-associated
and intracellular cytoplasmic NIS have been reported (Wapnir
et al., 2003). These studies emphasize that, as for non-
differentiated thyroid cancer cells, NIS protein synthesis,
modification and membrane targeting are important factors
for high iodide uptake.

Molecular imaging of gene expression

Imaging detection methods to visualize NIS expression in vivo
Different modalities have been reported for imaging hNIS-
expressing tissues. These include PET, scintigraphic imaging
and SPECT. The main advantages of nuclear detection

methods is that they offer increased sensitivity, allow tempo-
ral and spatial resolution and, importantly, are relevant in
translation to use in human patients. Both PET and SPECT
give quantitative and non-invasive information at the level of
reporter gene expression.

Scintigraphic imaging
Planar scintigraphic images of radioisotope biodistribution
are limited in their resolution and quantitative potential and,
unlike SPECT and PET, do not permit a three-dimensional
reconstruction of the image obtained (Blasberg, 2003; Serga-
nova et al., 2007). This imaging modality is, however,
straightforward and less expensive and has been used recently
to visualize the activation of specific signalling pathways
using NIS as reporter gene (Che et al., 2007; Kim et al.,
2007a,b; Yeom et al., 2008).

PET imaging
The emission of positrons is an essential requirement for PET
scanning. When the positrons emitted from the radioisotope
collide with local neighbouring electrons, high-energy
gamma (g) rays are produced, which travel in opposite direc-
tions from the point of collision and can be detected by a g
camera surrounding the subject. Detectors form a ring around
the subject (from which photons are emitted) and only
process events that occur simultaneously. Reconstruction of
three-dimensional images (probe distribution) from the raw
data is performed by different mathematical methods. They
differ in their resolution, resolution–noise ratio, contrast and
required processing time. The most widely used positron-
emitting isotopes are generally short lived. Isotopes with the
shortest half-lives (e.g. 20 min for 11C, 109 min for 18F) have to
be produced in cyclotrons near to the laboratory or hospital
where tracer synthesis, transport and application take place,
or have to be shipped by air. Small variations in timing have
important consequences. However, isotopes with longer half-
lives (e.g. 4.2 days for 124I) can be produced further away from
the eventual site of use. Because it is completely absorbed in
the tissue, the energy received from positron-emitting iso-
topes is higher than the energy received from isotopes used in
SPECT (Briat and Vassaux, 2006).

SPECT imaging
For NIS-expression imaging, SPECT uses detectors to identify
individual photons emitted by isotopes such as 123I- or
99mTcO4

-. The direction of a photon emitted is determined by
fitting lead collimators between the source of emission and
the detectors. These collimators stop all photons not travel-
ling in a certain direction relative to the detector panel. There-
fore, the collimator rejects the photons not travelling at a
right angle to the detectors or through a pinhole. As a result,
the sensitivity of SPECT is much lower than for PET devices
(Briat and Vassaux, 2006). Endogenous p53 transcriptional
activity has been visualized using a g-camera and the hNIS as
a reporter gene placed under the control of a p53-responsive
promoter (Doubrovin et al., 2001). SPECT/CT images were
obtained in nude mice before and after treatment with
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adriamycin, a known activator of the p53 pathway, following
an intravenous injection of [99mTc] pertechnetate. The images
showed a clear increase in tracer uptake following treatment,
which correlated with p53 activation and expression of its
target genes. These results demonstrated the feasibility of
monitoring the regulation of gene expression using SPECT.
The SPECT imaging approach is readily adaptable to the clinic
and has been widely used.

As for PET imaging, various manufacturers have developed
small-animal SPECT imaging devices [microSPECT (Gamma
Medica-Ideas), HiSPECT (Bioscan), and NanoSPECT
(Bioscan)]. These systems, as it is the case for microSPECT
(Carlson et al., 2006), now offer good resolution and the pos-
sibility of being coupled with computerized tomography for
anatomical imaging. In contrast to human studies, small-
animal imaging requires a high spatial resolution because of
the small size of the organism to be studied. This is achieved
using pinhole collimators, which can be adapted to the
g-camera. In addition, multiple pinholes can be used to
increase both the spatial resolution and sensitivity.

Applications in biotherapies

Biodistribution of gene transfer in gene therapy
Soon after the rat NIS gene was cloned in 1996 (Dai et al.,
1996), imaging of the transgene in non-thyroid cells was
demonstrated by gamma camera (Shimura et al., 1997).
Lately, intra-tumoural injection of 2 ¥ 109 infectious adenovi-
rus particles encoding NIS was shown to be able to image
tumour sites in vivo and to redirect 11% ID/g of the injected
radioiodine to the tumour (Boland et al., 2000). These first
reports validated the use of NIS as a reporter gene for imaging
gene expression in the live subject using non-invasive
imaging technology. Since then, a large number of reports
have been published (Boland et al., 2000; Spitzweg et al.,
2000; Groot-Wassink et al., 2002; 2004a; Barton et al., 2003;
Cho et al., 2007; Raty et al., 2007; Montiel-Equihua et al.,
2008) confirming the feasibility of the approach for small-
animal imaging. Recently, non-invasive imaging of NIS
expression upon viral gene transfer has been demonstrated as
feasible and safe in humans (Barton et al., 2008). In a phase I
study, detection of gene transfer and persistence of gene
expression in the whole body of patients with localized pros-
tate cancer was imaged accurately using a SPECT/CT scanner
and a replication-competent adenovirus armed with two
suicide genes and NIS as the gene reporter. Data from nuclear
imaging demonstrated in this study that intra-prostatic injec-
tion of 1012 viral particles led to the detection of NIS expres-
sion in the prostate in seven out of nine patients over a period
of 7 days. Peak transgene expression, and therefore maximal
viral spread, was detected 1 to 2 days after administration,
covering on average 18% of the total volume of the prostate.
Whole-body serial imaging of NIS expression in these patients
indicated that there was no extra-prostatic dissemination of
the virus, explaining in part the absence of serious adverse
events observed. This study is first carried out in human
patients and validates the use of NIS as a reporter gene for
monitoring both gene and vector biodistribution in humans
(Barton et al., 2008).

Imaging using NIS has several advantages. Iodide is the
radiotracer; therefore, radio-labelling and radiochemistry are
not required, reducing costs. The imaging of NIS-expressing
tissues is particularly versatile as NIS can promote the cellular
uptake of different radioisotopes 123I- (SPECT), 124I- (PET),
99mTcO4

- (SPECT), 131I- (scintigraphic imaging) (Vassaux and
Groot-Wassink, 2003). However, the lack of organification of
iodide in extra-thyroidal tissues is a disadvantage using NIS as
a reporter gene. There is a dynamic system of passive efflux of
iodide and other NIS-specific radiotracers from cells trans-
duced with NIS that produces difficulties in monitoring the
process. The accumulation of iodide can be predicted to be a
dynamic phenomenon, largely dependent on the clearance of
the tracer, and for which the clearance effect will vary
between organs. However, our laboratory (Groot-Wassink
et al., 2002; 2004b) and others (Boland et al., 2000; Smit et al.,
2002; Haberkorn et al., 2004) have shown that the rate of
efflux of iodide is slow: 1 h after iodide injection, 5 to 7% of
the injected dose is still present in the plasma (Groot-Wassink
et al., 2002; 2004b). The residual iodide was enough to allow
concentration in NIS-expressing organs and to monitor pre-
cisely the localization of gene transfer. In another study, we
(Groot-Wassink et al., 2004b) took advantage of the high sen-
sitivity and quantitative potential of PET scanning to assess
whether gene transfer could provide quantitative information
on gene expression in mice. Increasing doses of an adenovirus
coding for NIS were injected intravenously into experimental
mice before the administration of 124I. Post-mortem g count-
ing of liver biopsies was found to be directly correlated with
the dose of adenovirus injected and with both NIS mRNA
concentration and the number of NIS-expressing cells
detected in these tissues. In order to assess whether PET scan-
ning could also gather accurate and quantitative information
on gene expression, iodide uptake measured by PET was com-
pared to post-mortem g counting values. The results revealed
a good correlation (r2 = 0.9581) between the uptake value of
124I detected in the liver by PET and the value detected by
post-mortem g counting (Groot-Wassink et al., 2004b). These
data provided evidence that PET measurements of iodide
uptake are quantitative and provide accurate information to
evaluate precisely the expression level of a therapeutic trans-
gene in gene therapy approaches.

In addition to monitoring gene transfer mediated by viral
vectors, nuclear imaging of NIS expression could be devel-
oped for use with new synthetic vector formulations. A syn-
thetic vector could be defined as a nanoscale-size molecule
with a chemical formulation allowing to stably entrap DNA to
transfect efficiently targeted cells for DNA transgene expres-
sion. The majority of synthetic vectors are cationic, lipid-
derived formulations and have been used successfully for
in vitro transfection. This is in sharp contrast to the in vivo
situation. Experimental data (Pack et al., 2005; Cho et al.,
2007), obtained at autopsy of animals, have provided evi-
dence that the diffusion of synthetic vectors in tumour masses
is largely limited by non-specific absorption in the liver, lungs
and kidneys and by macrophages of the reticuloendothelial
system (Pack et al., 2005; Cho et al., 2007). This non-specific
accumulation in healthy organs creates important toxicity
issues and has largely hampered the widespread application of
this type of gene delivery vehicle in the clinic. Recently, with
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advances in the field of nanotechnology, PEG- or HPMA-
modified polymeric nanoparticles have been shown to trans-
form the size, charge and surface characteristics of the
particles, resulting in longer circulation times in the blood,
reduced uptake by the reticuloendothelial system and altered
biodistribution in normal tissues (Pack et al., 2005). Classi-
cally, biodistribution in mice is assessed by radioisotope-
labelled nanoparticles followed by post-mortem radioactive
counting and/or scintigraphic imaging. Therefore, to obtain
final conclusive data for the identification of the best chemi-
cal formulation allowing high tumour targeting with limited
diffusion in healthy organs, important radiochemistry and
autopsy analyses are required. In this context, coupling a
synthetic vector with an expression plasmid encoding hNIS
could greatly reduce the cost and time of procedures and
might also provide qualitative and quantitative information
about the efficiency of gene transfer. In a recent study (Chish-
olm et al., 2009), we demonstrated that a nanoparticle formu-
lation composed of third generation polypropylenimine
dendrimers, when complexed to hNIS plasmid, was capable
of tumour transfection upon systemic administration to
tumour-bearing mice. Whole-body nuclear imaging using a
small-animal nano-SPECT/CT scanner and the human Na/I
symporter (hNIS) as the reporter gene showed a unique and
highly specific tumour targeting with no detection of gene
transfer in any other tissues of tumour-bearing mice. Tumour-
selective transgene expression was confirmed by quantitative
RT-PCR at autopsy of scanned animals, while genomic PCR
demonstrated that the tumour sites were the predominant
sites of nanoparticle accumulation. Using this approach, we
were able to demonstrate that the kinetic of NIS expression in
tumours was transient. Peak of transgene expression was
indeed detected 24 h after administration. Altogether, these
data validated the use of the NIS as a reporter gene to monitor
the exact biodistribution of gene transfer mediated by a syn-
thetic vector, allowing the anticipation of potential toxicity
issues.

Image-guided radiotherapy and dosimetry
In addition to its potential as an imaging transgene, NIS has
therapeutic potential. These properties offer the unique
possibility to combine the potential of nuclear imaging
technology to provide precise, qualitative and quantitative
information about gene expression with the potential of
radiotherapy to kill cells expressing NIS by ionizing irradia-
tion, as well as neighbouring cells through the physical cross-
fire effect. The utilization of NIS in cancer gene therapy could
lead to individualized therapy, as NIS expression upon gene
transfer can be assessed in a living subject to determine the
exact dose of radiation needed to efficiently irradiate tumour
cells (Figure 1).

Experimentally, several groups have used gene therapy
methodologies to transfer the NIS gene into non-thyroidal
cancer cells to achieve a successful radioablation of the experi-
mental tumour, as in differentiated thyroid cancer (Boland
et al., 2000; Spitzweg et al., 2000; Dingli et al., 2004; Dwyer
et al., 2005; 2006; Hasegawa et al., 2006; Goel et al., 2007;
Montiel-Equihua et al., 2008). Overall, the success of this
approach resides in the level of NIS expression achieved in

tumour cells as well as in the ability of tumour tissues to
retain radioiodide within the cells. Because of their cellular
origin, non-thyroidal cancer cells do not express endogenous
TPO and are not capable of organifying iodide, even in the
presence of exogenous hNIS. To overcome this problem,
several approaches have been developed, with conflicting
results. Some reports have demonstrated that co-expression of
NIS with TPO (Huang et al., 2001) or TIFF-1 (Furuya et al.,
2004) results in higher radioiodide uptake and retention by
tumour cells, while another study (Boland et al., 2002)
reported that induced-iodide organification by TPO was not
enough to increase the retention time of the radiotracer in
target cells. Another promising approach consists of the
identification of small molecules capable of influencing
radioiodide uptake by NIS-expressing cells. A recent,
high-throughput screening identified an imidazothiazole
derivative component capable of increasing by 4.5-fold the
retention of radioiodine in NIS-expressing cells (Lecat-Guillet
et al., 2007). Although these results are promising, dose-
dependent experiments performed in vitro demonstrated that
this component was capable of retaining iodide in NIS-
expressing cells only when sub-micromolar concentrations of
iodide were used (Lecat-Guillet and Ambroise, 2008). Consid-
ering the concentration of iodide in blood (10-8 to 10-9 M),
this component is, therefore, unlikely to be effective in vivo.
Thus, low or absent iodide organification in tissues remains a
limiting factor in the use of NIS as a transgene for radio-
therapy purposes. Indeed, the accumulation of iodide in cells
has been demonstrated to be a dynamic process. Rapid efflux
of iodide occurs through the cells when the radiotracer is
removed from the extracellular medium. In vivo, a similar
efflux of iodide takes place, although we (Groot-Wassink et al.,
2002; 2004b) and others (Boland et al., 2000; Smit et al., 2002;
Haberkorn et al., 2004) have demonstrated that iodide clear-
ance is slow: There is still 5–7% ID/g of iodide in the plasma
within 1 h after injection (Groot-Wassink et al., 2004b). This
circulating dose of the radiotracer in animals has been suffi-
cient to eradicate experimental thyroidal and non-thyroidal
tumour cells following hNIS expression. Interesting data from
Faivre et al. (2004) indicate that iodide accumulation and
retention is high in the liver without organification. Using
chemically induced hepatocarcinomas model in rats, and
injection of adenovirus encoding rat NIS directly into the
liver portal vein, they observed a marked (20 to 30% of the
injected dose) and sustained (>11 days) iodine uptake and
retention in the hepatic tumours (Faivre et al., 2004). Radio-
iodine therapy by injection of 650 MBq 131I after gene transfer
achieved a strong inhibition of tumour growth, complete
regression of small nodules and prolonged survival of
hepatocarcinoma-bearing rats. The sustained iodide uptake
in vivo was attributed to permanent recycling of the effluent
radioiodide via the hepatic blood flow and not to an active
retention mechanism (Faivre et al., 2004). Recently, Hingo-
rani et al. demonstrated that radiation increased the magni-
tude and duration of NIS expression from replication-
deficient adenoviruses (Hingorani et al., 2008b). This effect
was observed when various promoters were used to drive NIS
expression and has important implications for future clinical
applications. In another study, the same group demonstrated
that the enhancement of transgene expression induced by the
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radiation was mediated in part by the formation of dsDNA
breaks and subsequent MAPK pathway signalling, both in vitro
and in vivo (Hingorani et al., 2008a).

Various radioisotopes can be used in conjunction with NIS.
Radioisotope species with greater energy deposition could
also increase radiotherapy potency. NIS can promote cellular
uptake of several isotopes such as Rhenium (Re) (Shen et al.,
2004) and Astatine (At) (Willhauck et al., 2008). Rhenium
(188Re) is a b-emitter with a half-life of 16.7 h and a tissue
penetration radius of 23–32 mm, making it particularly suit-
able for the treatment of large tumours. Dosimetry calcula-
tions indicate that 188Re-perrhenate delivers up to a 4.5-fold
higher dose of radioactivity than 131I (Shen et al., 2004).
Astatine is a particularly attractive isotope for radiotherapy
purposes. 211At is an a-emitting radiohalide with a half-life of
7.2 h, tissue penetration of 60 mm and very high energy depo-
sition. However, because of this short half-life and safety

concerns, Astatine is not currently suitable for use in the
clinic.

The successful treatment of NIS-expressing tumours with
131I is likely to involve high radiotherapy doses which may be
beyond to the limit of toxicity when scaled to use in human
patients (Wenzel et al., 2003). In the clinic, the most common
approach to radionuclide dosimetry has been the MIRD S
factor- (mean absorbed dose per unit cumulative activity)
based method (Zanzonico, 2000). This approach is based on
an algorithmic mathematical model which predicts the
minimal, therapeutic, injected dose of a radioisotope required
to irradiate tumour cells while sparing normal, healthy
organs. As an example, the treatment of differentiated thyroid
cancer has been carried out using fixed standard activities of
I131 based on MIRD S factor software (Zanzonico, 2000).
Although effective, this approach does not take into account
the exact biokinetic distribution of the radioisotope within

Figure 1 Schematic representation of the principle of image-guided radiotherapy mediated by NIS gene transfer in the living animal. Viral or
synthetic gene transfer vectors encoding hNIS are injected intravenously into tumour-bearing mice. For kinetic studies, mice are anaesthetized,
injected intravenously with radioiodide [124I] and positioned in a mPET/CT scanner. PET images are obtained from various acquisition times
depending on the specificity of radioactivity levels in mouse. A CT scan is taken at the same time. The reconstruction of images and fusion
between PET and CT images are processed with adequate software such MEDISO and PMOD (Medical Imaging Systems). Final images are
shown in coronal, axial or sagittal view in the plane of the tumour or, alternatively, as seen in this figure in three-dimensions (3D). Coloured
dot points reveal radiotracer uptake in the whole body of mice while CT images allow the precise determination of the localization of the
radiotracer emission source. In this example, radiotracer uptakes is detectable in the thyroid (Thy) and the stomach (St) as the result of
endogenous expression of mNIS, and in the tumour (Tu) as the result of hNIS gene transfer. The kinetics of hNIS expression at the tumour site
could be determined by quantification of the radiotracer activity in tumour tissues at different times in a longitudinal study carried out on the
same animal. When expression of hNIS in the tumour is found to be maximal, a dosimetry study is then performed. Dosimetric calculation
determines accurately the minimal therapeutic dose to administrate for selectively irradiated the tumour volume with minimal side effects. Such
protocol fully validates the principle of individualized image-guided radiotherapy.
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the tumour, nor individual differences between tumour archi-
tecture, blood supply and tumour volume. As a result, the
correlation between assessed doses and observed toxicities in
targeted radiotherapy has not been completely satisfactory.
Some patients have shown only partial tumour regression,
while others have developed toxicity symptoms (Wiseman
et al., 2003). Therefore, accurate calculation of the therapeutic
isotope dose to administer is a prerequisite for successful
clinical response and safety. More recently, with advances in
nuclear medicine imaging technology and the development
of biophysical software, new dosimetric calculations have
been made possible (Lassmann and Hanscheid, 2007). For
example, three-dimensional imaging-based dosimetry
methods combining 124I PET images have allowed the
acquisition of information on the spatial distribution of
absorbed doses within a tumour, and the accurate determina-
tion of tumour volume and mean absorbed dose within a
tumour. Data (Sgouros et al., 2004) from a pilot study of a
total of 56 patients with thyroid cancer showed high variabil-
ity of 124I uptake within thyroid tissues. The mean absorbed
dose within individual patients was widely variable, ranging
from 1.2 to 540 Gy, while the distribution of absorbed doses
within individual tumours was also highly variable, ranging
from a minimum of 0.3 Gy to a maximum of 4000 Gy. This
study illustrated well the potential of NIS imaging to allow
personalized therapy (Figure 1). Pre-therapy dosimetric calcu-
lations based on NIS imaging can allow very accurate estima-
tions of the amount of radioisotope necessary to deliver a
given dose of radiation to a particular tumour. Moreover,
repeated radioisotope monitoring in tumours allows adjust-
ing the 123I therapeutic dose to administrate to the treated
patient according to the tumour response. Finally, NIS-
mediated radiotherapy could be combined with more classical
external beam radiotherapy (Harrington et al., 2008).

Image-guided radiovirotherapy
The development of molecular imaging strategies capable of
monitoring the propagation of oncolytic viruses in tumours is
crucial to obtain an optimal therapeutic effect. Clinical trials
using oncolytic adenoviruses have emphasized that, although
these genetically modified viruses are capable of replicating
selectively in cancer cells, their therapeutic efficacy is limited
(Waehler et al., 2007). One reason for this is that virus spread
within the tumour is often restricted to the initial site of
infection. Viral propagation and potency are known to be
prevented by intra-tumoural physical barriers such as stromal
tissue composition, hypoxic and necrotic areas (Waehler
et al., 2007). A combination of the therapeutic potential of
the oncolytic adenovirus with additional therapeutic inter-
vention(s) is required to obtain greater tumour reduction.
Combined use of oncolytic adenovirus with radiotherapy or
conventional chemotherapy has been reported (Dilley et al.,
2005; Homicsko et al., 2005; Cheong et al., 2008). However,
the mistimed combination of additional therapy has been
described in preclinical studies (Wildner and Morris, 2000),
resulting in loss of efficacy and even in virostatic effects.
Therefore, the capability for non-invasive monitoring of virus
spread in a tumour would provide unique information to
rationalize the timing of these treatment combinations. Using

two different engineered adenoviruses encoding NIS, and a
small nano-SPECT/CT camera, we recently demonstrated that
the kinetics of intratumoural spread could be monitored
effectively in vivo. The peak of radiotracer uptake was detected
48 h post-infection for the first virus and at 72 h for the
second one (Merron et al., 2007). In addition, these data dem-
onstrate that adenovirus replication in tumours is very tran-
sient and dependent on viral design. Of additional interest in
the use of NIS for radiotherapy in combination with oncolytic
viruses is the physical crossfire effect (Dingli et al., 2004;
Mitrofanova et al., 2006). As the average path length of the b
particle emitted by 131I is 0.4 mm, non-transduced tumour
cells could be destroyed by radiation emitted from neighbour-
ing cells transduced by the recombinant oncolytic viruses
expressing NIS. This effect can be particularly powerful
(Dingli et al., 2004; Mitrofanova et al., 2006). Using an onco-
lytic measles virus, results from myeloma xenografts showed
complete regression of the tumour after 131I therapy even
when only half of the tumour cells expressed NIS (Dingli
et al., 2004; Mitrofanova et al., 2006).

Trafficking of cells with therapeutic potential
Another application of NIS as a gene reporter for imaging gene
expression involves adoptive cell-based therapies. In this field,
in vitro expansion of lymphocyte T cells with anti-tumour
activity, followed by the re-implantation of these cells in the
same patient, has been used for two decades with some clinical
benefit, particularly for the treatment of melanoma (Rosen-
berg et al., 2008). Although tumour T cell tropism was shown
to be effective in patients, the exact biodistribution of these
re-infused cells has not been characterized fully (Pittet et al.,
2007). In addition to T cells, other cell types such as mesen-
chymal stem cells, also exhibit a marked tropism for damaged
areas including cancer tissues (Fritz and Jorgensen, 2008).
Recently, mesenchymal stem cells have been the object of
important research activity in the fields of both gene and
cellular therapies. Promising results have been reported in
graft versus host disease treatment, heart regeneration, carti-
lage and bone repair, skin wound healing and neuronal regen-
eration after strokes (Uccelli et al., 2008). Mechanistically,
inherent migration potential as well as their transdifferentia-
tion property has been proposed as the cause of the plasticity
of these cells. However, to date, there is insufficient informa-
tion about the exact in vivo biodistribution, survival and bio-
logical comportment of these cells in targeted tissues (Uccelli
et al., 2008). In this context, constitutive expression of the
hNIS gene in cells transduced with a lentiviral vector would
provide a unique opportunity to study trafficking, homing
and tumour targeting following injection of a radiotracer dose
of I124. Proof of principle of this approach has been demon-
strated recently (Hwang et al., 2008). The behaviour of stem
cells incorporated into biocompatible chitosan or poly L-lactic
acid (PLLA) scaffolds and then grafted subcutaneously in nude
mice was visualized successfully using NIS as a gene reporter
and a gamma camera as an imaging modality. Serial quantita-
tive analyses of regions of interest drawn manually from the
scintigraphy images demonstrated that radiotracer uptake by
NIS-expressing stem cells was higher in cells grafted onto PLLA
scaffolds than in cells not seeded onto a scaffold. Assuming
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that NIS quantitative data are directly proportional to the
number of viable cells, this imaging modality mediated by NIS
allowed the identification in mice of the best scaffold poly-
meric structure capable of promoting efficient proliferation
and survival of stem cells. This work provides a new rationale
for the design of cell-scaffold complexes for tissue-regenerative
and cell-replacement therapies (Hwang et al., 2008). However,
transduction of human patients with integrative vectors has
been shown to lead to adverse events, in particular leukaemia
(Hacein-Bey-Abina et al., 2003). Therefore, besides imaging
stem cell and other cell-type migration, the use of NIS as a
gene reporter could also be exploited for the irradiation (I131) of
transduced, NIS-positive cells in the case of adverse events.

Moving towards clinical applications

Non-invasive imaging technology will help in the design and
improvement of gene therapy applications. The capability to
visualize and monitor in vivo the regulation of gene expres-
sion (either of endogenous genes or genes that have been
delivered to cells using a viral, synthetic or cellular vector) in
small animals will lead to novel therapeutic approaches in
clinical research, as well as advances in the design of safe and
efficient vectors such as viruses to be used in clinical settings.
Among the safety issues, specific targeting of diseased sites is
an important safety consideration for all trials involving
patients. As NIS imaging has been validated recently in
humans (Barton et al., 2008), non-invasive molecular imaging
will help clinicians to monitor in vivo the distribution and
pharmacodynamics of gene expression in a precise and
quantitative way.

Note

The drug and molecular target nomenclatures used in this
manuscript are in agreement with the BJP’s Guide to
Receptors and Channels (Alexander et al., 2008).
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