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Abstract

The sodium iodide symporter (NIS) is responsible for thyroidal, salivary, gastric, intestinal and
mammary iodide uptake. It was first cloned from the rat in 1996 and shortly thereafter from
human and mouse tissue. In the intervening years, we have learned a great deal about the biology
of NIS. Detailed knowledge of its genomic structure, transcriptional and post-transcriptional
regulation and pharmacological modulation has underpinned the selection of NIS as an exciting
approach for targeted gene delivery. A number of in vitro and in vivo studies have demonstrated
the potential of using NIS gene therapy as a means of delivering highly conformal radiation doses
selectively to tumours. This strategy is particularly attractive because it can be used with both
diagnostic (®9™Tc, 125], 1241) and therapeutic (1311, 186Re, 188Re, 211At) radioisotopes and it lends
itself to incorporation with standard treatment modalities, such as radiotherapy or
chemoradiotherapy. In this article, we review the biology of NIS and discuss its development for
gene therapy.

INTRODUCTION

The sodium iodide symporter (NIS) belongs to the sodium/solute symporter family [SSF,
TC No. 2.A.21 (according to the Transporter Classification system)] or solute carrier family
5 [SCL5A, according to the Online Mendelian Inheritance in Man (OMIM) classification,
www.nchi.nlm.nih.gov/Omim/]. This family includes more than 60 members of both
prokaryotic and eukaryotic origin, many of which exhibit a high of similarity of sequence
and function. Like NIS, many other members of the family drive negatively-charged solutes
into the cytoplasm using an electrochemical Na* gradient [1]. The eukaryotic members of
the family include the three different isoforms of the sodium/glucose co-transporter (SGLT),
the sodium/myoinositol co-transporter SMIT (SMIT), the sodium/proline symporter (NPT or
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PutP), the sodium/multivitamin transporter (SMVT), the sodium/moncarboxylate
transporters (SMCT) and the high-affinity choline transporter.

In recent years, there has been a rapid expansion in our understanding of the biological
significance of NIS in thyroid and non-thyroid tissues [1]. The role of NIS in mediating
radioiodine uptake underpins the unique clinical status of thyroid cancer as a malignant
disease that can be cured by systemic administration of unsealed radioisotope sources [2].
Further research in to the biology of NIS may open the door to effective radioisotopic
treatment of thyroid cancer that is iodine non-avid (either de novo or as an acquired
phenomenon through de-differentiation). In addition, in recent years, there has been a
growing appreciation of the potential value of using NIS as a means of achieving therapeutic
or imaging goals in non-thyroidal tumour tissues. This work has largely focused on viral
vector-mediated delivery of NIS and 1311 to non-thyroid tumour cells in in vitro and in vivo
therapeutic models, but in the last two years NIS expressing vectors have also been
administered to patients in early phase clinical trials. In this review we will describe the
current state of knowledge of NIS biology and evaluate data relating to therapeutic and
imaging studies.

BIOCHEMICAL AND FUNCTIONAL SIGNIFICANCE OF NIS

lodide concentration is a characteristic feature of thyroid tissue. As early as 1896, Baumann
found that the thyroid gland concentrates iodide by a factor of 2040 times with respect to
plasma under physiological conditions [3]. lodide is actively transported across the plasma
membrane into the cytoplasm of thyroid follicular cells and subsequently translocated
passively from the cytoplasm into the follicular lumen. The cell/colloid interface within the
follicular lumen is the main site of hormone biosynthesis and involves the coupling of iodide
to tyrosine residues on thyroglobulin (Tg) present within the follicular colloid.

NIS is an integral plasma membrane glycoprotein that mediates active transport of iodide
into thyroid follicular cells [reviewed in 4] (Fig. 1). The symporter co-transports two sodium
ions along with one iodide, with the transmembrane sodium gradient serving as the driving
force for iodide uptake. It has previously been shown that on addition of iodide to NIS-
expressing cells, an inward steady state current (i.e. a net influx of positive charge) is
generated leading to depolarization of the membrane. Simultaneous measurements of tracer
fluxes and currents revealed that two Na* ions are transported with one anion, demonstrating
a 2:1 Na*/I~ stoichiometry [5]. Therefore, the observed inward steady-state current is due to
a net influx of Na* ions. NIS functionality is dependent on the electrochemical sodium
gradient that is maintained by the oubaine-sensitive Na*/K*ATPase pump. The efflux of
iodide from the apical membrane to the follicular lumen is driven by pendrin (the Pendred
syndrome gene product) and possibly other unknown efflux proteins (apical anion
transporters) [6]. Thiocyanate and perchlorate are competitive inhibitors of iodide
accumulation in the thyroid due to their similarity in size and charge to iodide ions, although
they have different molecular geometries. Perchlorate is 10-100 times more potent than
thiocyanate as an inhibitor of iodide accumulation in a variety of in vivo and in vitro
systems. It has also been shown recently that perchlorate is actively transported by NIS,
albeit electroneutrally [7].

lodide organification within the follicular lumen is mediated by the enzyme thyroperoxidase
(TPO) that involves oxidation of iodide and its covalent incorporation on tyrosine residues
within the Tg backbone followed by the oxidative coupling of iodotyrosines to generate
thyroid hormones. More recently, the dual oxidase DUOX2 has been shown to be important
in thyroid hormone biosynthesis, as demonstrated by the occurrence of congenital
hypothyroidism (total iodide organification defect) in individuals with biallelic inactivating
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DUOX2 mutations [8]. The unique property of thyroid follicular cells to trap and
concentrate iodide enables imaging as well as effective therapy of differentiated thyroid
cancers using radioiodide [2].

MOLECULAR CHARACTERISATION OF NIS

The molecular characterisation of NIS began in 1996 when Nancy Carrasco’s group isolated
the cDNA encoding rat NIS (rNIS) by expression cloning in X. laevis oocytes, using cDNA
libraries derived from FRTL-5 cells (a highly functional rat thyroid-derived cell line) [9].
Based on the expectation that the genomic organisation of human NIS (hNIS) would be
highly homologous to rNIS, Smanik et al. (1996) isolated cDNA encoding hNIS using
primers to the cDNA/rNIS sequence [10]. The cDNA sequence predicted that rNIS was a
618 amino acid protein with a relative molecular mass of 65,196. Elucidation of the
secondary structure of NIS protein was facilitated by the generation of a high affinity site-
directed polyclonal anti-NIS antibody (Ab) against the last 16 amino acids of the COOH
terminus [11]. The current secondary structure model demonstrates 13 transmembrane
domains with the NH, terminus facing extracellularly and the COOH terminus facing
intracellularly. There are three glycosylation sites at positions 225, 485, and 497 of the
amino acid sequence. The length of the 13 trans-membrane segments ranges from 20-28
amino acids, except for transmembrane segment V which contains 18 residues [1]. The
molecular structure, biochemical and functional activity of NIS are depicted in Fig. (2). Four
Leu residues (positions 199, 206, 213, and 220) appear to comprise a putative leucine zipper
motif in transmembrane segment V1. This motif could play a role in the oligomerization of
subunits in the membrane. Previous freeze fracture electron microscopy studies of X. laevis
oocytes expressing NIS revealed 9 nm intramembrane particles corresponding to NIS,
suggesting that NIS may be an oligomeric protein [5].

The human NIS gene is located on chromosome 19p12- 13.2, with an open reading frame of
1929 nucleotides comprising 15 exons and 14 introns that encodes a 643-amino acid protein.
hNIS exhibits 84% identity and 93% similarity to rNIS, with the main differences accounted
for by a 5 amino acid insertion between the last two hydrophobic domains and a 20 amino
acid insertion in the COOH terminus [12].

The high-affinity anti-COOH terminus NIS Ab binds a mature 87 kDa polypeptide and a
partially glycosylated 56 kDa polypeptide in permeabilised FRTL-5 cells. It has been
previously shown that neither partial nor total lack of N-linked glycosylation impairs
activity, stability or targeting of NIS. The hydroxyl group at the 3 carbon at position 354 (in
transmembrane segment 1X) is essential for NIS function. Spontaneous mutation consisting
of the single amino acid substitution of Pro instead of Thr at position 354 (T354P) is the
cause of congenital lack of iodide transport in several patients, often leading to severe
hypothyroidism [13]. Hydroxyl groups at serine and threonine residues (Ser 353, Ser 356,
Thr 357) in transmembrane segment 1X are also essential for NIS activity [14]. Similarly,
the presence of an uncharged amino acid residue with a small side-chain at position 395
(normally glycine) is essential for NIS function [15].

REGULATION OF NIS FUNCTION

Transcriptional Regulation of NIS

Transcriptional activity of thyroidal NIS is primarily regulated by thyroid stimulating
hormone (TSH), via the cyclic adenosine monophosphate (CAMP) pathway [16]. Multiple
cAMP pathways, both protein kinase A (PKA)-dependent and -independent, may be
involved in the regulation of NIS expression and function. TSH-cAMP-PKA signaling is
the central pathway for thyroid proliferation and differentiation and its integrity is essential
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for NIS expression. However, the exact mechanism by which PKA promotes NIS expression
is still unknown [17]. In FRTL-5 cells, chronic stimulation with TSH downregulates PKA
and acute stimulation with cCAMP agonists under these conditions results in increased NIS
transcriptional activity without PKA activation [18, 19]. The MEK-ERK pathway has been
proposed as a PKA-independent pathway, as MEK inhibition partially inhibits cAMP-
induced NIS gene transcription (43%) [19]. This pathway seems to be stimulated by TSH
through Rap-1 without PKA activation [20, 21]. However, activation of the MAPK pathway
in response to TSH/CAMP has not been confirmed by other groups [22, 23]. In addition, the
p38 MAPK pathway has been shown to have a pro-stimulatory effect on NIS gene
expression that is independent of PKA activation [24].

The phosphatidyl-inositol 3-kinase (P13-K) and TGF-f/Smad pathways have been shown to
have an inhibitory effect on NIS transcription. In FRTL-5 cells, insulin growth factor-1
(IGF-1) inhibits cAMP-induced NIS expression through the PI3K pathway [25].
Furthermore, expression of a Ras mutant that selectively stimulates P13-K has been shown
to markedly decrease TSH-induced NIS expression in WRT rat thyroid cells [26]. TGF-f
decreases TSH-induced NIS expression and iodide uptake activity in FRTL-5 cells [27, 28].
TGF-induced downregulation of NIS is associated with a decrease in mMRNA levels and
impaired binding of PAX-8 to the NIS promoter, secondary to the physical interaction
between Smad-3 and Pax-8 [29].

The rNIS and hNIS promoters have been studied by several groups [30-34]. The proximal
promoter contains a thyroid transcription factor-1 (TTF-1) binding site and a TSH
responsive element for interaction with the putative transcription factor NTF-1 (NIS TSH-
responsive factor-1) [16]. The DNA sequence upstream of NIS contains two Pax8 binding
sites and a degenerate CRE (CAMP responsive element sequence) which are important for
full TSH-cAMP-dependent transcription. Similarly, a thyroid-specific, TSH- responsive,
far-upstream enhancer has been described in the hNIS gene with a high degree of sequence
homology to the rNIS [19, 35]. It contains putative Pax-8 and TTF-1 binding sites and a
CRE-like sequence.

TSH is a 30-kDa glycoprotein biosynthesized in the basophilic cells of the adenohypophysis
(anterior pituitary) and is the primary hormonal regulator of thyroid function. TSH
activation is associated with iodide accumulation in the thyroid. TSH actions are primarily
mediated by activation of adenylate cyclase via the GTP binding protein [36, 37]. TSH
interacts with the TSH receptor on the basolateral membrane of follicular cells followed by
cAMP-mediated biosynthesis of NIS protein [38]. TSH-mediated upregulation of NIS
protein expression has been observed in vivo [11]. Furthermore, NIS mRNA expression is
upregulated by goitrogenic treatments (eg, propylthiouracil (PTU)) that elevate circulating
TSH levels in vivo) [39].

Levy et al. (1997) studied the biogenesis of NIS by in vivo labeling experiments with [3°S]-
methionine/cysteine followed by immunoprecipitation with high affinity anti-NIS Ab in
FRTL-5 cells [11]. They showed that NIS is initially synthesized as a precursor protein that
is immediately core-glycosylated in the endoplasmic reticulum at three Asp residues (225,
485, 497) [40]. Further studies have shown that the precursor protein is a 56 kDa
polypeptide whose maturation into full length 87 kDa polypeptide is first observed at about
1 hour and is completed at 3 hours after initial TSH stimulation [41]. After TSH withdrawal,
a reversible reduction of both intracellular cAMP levels and iodide uptake activity are
observed in thyroid cell lines [24]. However, NIS protein has an unusually long half-life and
remains detectable 10 days after TSH deprivation [41-43]. Riedel et al. (2001) have
reported the half-life of NIS protein to be approximately 5 days in the presence and 3 days in
the absence of TSH stimulation [41].
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Post-Transcriptional Regulation of NIS

For active iodide transport to occur, NIS must be expressed, targeted and retained in the
appropriate plasma membrane surface (i.e. the basolateral surface) in polarized epithelial
thyroid cells [44]. In addition to upregulating NIS transcription, TSH also regulates
important post-transcriptional events such as the subcellular distribution of NIS. Kogai et al.
(2000) showed that TSH markedly stimulates NIS mRNA and protein levels in both
monolayer and follicle-forming human primary culture thyrocytes. However, significant
iodide uptake is observed only in follicle-forming thyrocytes, indicating the importance of
cell polarization and spatial organization for functional activity of NIS [45]. Kaminsky et al.
(1994) reported persistent NIS activity in membrane vesicles prepared from FRTL-5 cells
following prolonged TSH withdrawal. Interestingly, no such activity was detected in intact
cells in similar conditions [46]. This could be explained by the differential cellular
expression of NIS following TSH deprivation. Riedel et al. (2001) showed that after 3 days
of TSH deprivation, intracellular NIS decreased at a slower rate than the intramembranous
fraction, suggesting that NIS molecules in the plasma membrane are redistributed to
intracellular compartments in response to TSH withdrawal [41]. In thyroid cancer cells, TSH
signaling may be compromised, resulting in NIS retention in intracellular organelles even in
the presence of TSH. Previous studies have shown a high frequency of TSH receptor
promoter hypermethylation in thyroid cancer, which would cause silencing of the TSH
receptor gene and inhibition of functional NIS expression [47].

The mechanism by which TSH regulates the subcellular distribution of NIS is unknown.
Phosphorylation has been shown to be implicated in activation and subcellular distribution
of several transporters [48-50]. NIS has several consensus sites for kinases, including those
for cAMP-dependent protein kinase, PKA and protein kinase C (PKC). Previous studies
have shown that NIS is phosphorylated in vivo, mainly at the serine residues in the COOH
terminus. Furthermore, it is known that NIS phosphorylation is modulated by TSH [41].
However, as yet, there is no conclusive evidence to support the notion that TSH-induced
NIS phosphorylation mediates the trafficking and subcellular distribution of NIS.

Although TSH-induced stimulation is essential for efficient NIS trafficking in thyroid tissue,
non-thyroidal tissues retain NIS at the plasma membrane in the absence of TSH stimulation
- raising the possibility of TSH-independent mechanisms. Furthermore, ectopic expression
of NIS in a wide variety of cell lines, ranging from amphibian cells (X. laevis oocytes) to
mammalian normal (COS cells (green African monkey fibroblasts)) and malignant cells
(CHO (Chinese Hamster ovary cells) and LNCaP cells (human prostatic adenocarcinoma)),
is associated with efficient functional activity and appropriate targeting to the plasma
membrane [1, 51, 52].

NIS contains several sorting signals in its COOH terminus that, in other membrane proteins,
are involved in the targeting, retention at and endocytosis from the plasma membrane. NIS
contains a PDZ target motif (T/S-X-V/L) at the COOH-terminal tail (T%16 N617 |_618) that is
a recognition site for PDZ binding proteins [53]. One such protein, LIN-7, recognizes a PDZ
target motif in the epithelial y-aminobutyric transporter and prevents its internalization from
the basolateral surface of polarized epithelial cells [54]. NIS also contains a dileucine motif
(L557 LL558) which may play a role in sorting certain membrane proteins within the cell [44,
47]. The dileucine motif, like tyrosine-based sorting signals, interacts directly with the
clathrin-coated machinery [55]. This interaction allows for selective incorporation of
integral membrane proteins into coated vesicles that carry proteins to different destinations
within the cell. In addition, three acidic dipeptide motifs (E373 D574, E579 E580, E587 D588)
are present in the COOH terminus of NIS and these can function as retrieval signals for
proteins localized at the cell surface [56, 57] or retention signals in large dense core vesicles,
as in the case of the vesicular monoamine transporter [58].
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PROGNOSTIC SIGNIFICANCE OF NIS IN THYROID CANCERS

Radioiodide was first administered in 1942 at the Massachusetts Institute of Technology to
patients with Graves’ disease [59]. Since then, radioiodide-induced thyroid ablation has
become an integral part of the management of thyroid cancer and some non-malignant
thyroid disorders. Thyroid cancer patients who are treated with 1311 have a lower mortality
compared with those who are not (3% vs 12%). Even patients with metastatic disease at
initial presentation can be successfully treated with 1311, achieving a 10-year survival of over
80%. In contrast, thyroid cancer patients with poor radioiodide uptake, a situation sometimes
seen in patients more than 40 years age, have a much poorer prognosis [2].

Studies investigating the molecular mechanisms underlying the variable uptake of iodide
observed in thyroid cancer patients have suggested that this may be related to the levels of
NIS expression. Smanik et al. (1996) reported a much lower level of NIS mRNA expression
in thyroid carcinoma (2 papillary, 1 follicular, 1 anaplastic) compared with that in normal
thyroid tissue. In addition, they found variable levels of NIS expression in a panel of
different papillary carcinoma tissues, which is consistent with the clinical observation of
variable response of papillary carcinoma to radioiodine treatment. Furthermore, no NIS
MRNA expression was detected in 5 human thyroid carcinoma cell lines that had lost iodide
avidity [9]. In a more recent study using a kinetic quantitative RT-PCR method, NIS mRNA
expression was shown to be decreased in 40 of 43 thyroid carcinomas (38 papillary and 5
follicular) and in 20 of 24 cold adenomas compared with normal thyroid tissue. On the other
hand, NIS mRNA levels were increased in each of 8 toxic adenomas and 5 samples from
patients with Graves’ disease. In thyroid cancer tissues, a positive correlation was found
between the expression levels of NIS, TPO, Tg and thyroid stimulating hormone (TSH)
receptor, and higher tumour stages were associated with lower levels of NIS expression [60].
Interestingly, NIS mRNA expression levels have been shown to be reduced in oncogene-
transformed rat thyroid cell lines (PC v-erbA, PC HaMSV, PC v-raf and PC E1A), raising
the possibility that oncogene activation may be one of the factors responsible for reduced
NIS levels observed in thyroid cancers [61].

Park et al. (2000) investigated the correlation of NIS expression between primary and
metastatic thyroid tumour tissues. NIS mRNA levels in 23 papillary carcinomas and 7 pairs
of primary and lymph node metastatic tissues were evaluated using RT-PCR and
ribonuclease protection assay. Three of 23 papillary carcinomas did not express NIS mRNA
and the rest showed variable levels of NIS mRNA expression that were lower than those in
normal thyroid tissue. Despite NIS expression in the primary tumour, 2 of 6 lymph node
metastases did not express NIS mRNA. Levels of NIS mRNA expression in the remaining 4
lymph node metastases were lower than those in the primary tumours. Therefore, no positive
correlation was found between NIS expression levels in primary and metastatic sites leading
to the conclusion that NIS levels in primary tissue may not be predictive of the response to
radioiodide therapy at metastatic sites [62].

Other studies have given a rather different view of the expression levels of NIS in thyroid
cancers, suggesting instead that NIS may be expressed or overexpressed but may not be
correctly targeted to the cell membrane. Saito et al. (1998) used Northern analysis and
reported a 2.8-fold increase in mRNA in thyroid tissue from patients with papillary cancer
(although there was wide variability in the levels between different individuals) [.
Subsequent studies have demonstrated that NIS may be overexpressed in up to 70% of
thyroid tumours, but that it is retained within intracellular compartments [64]. The
mechanisms responsible for this failure to display NIS correctly at the plasma membrane
are, as yet, obscure but may be due to the effects of aberrant oncogene signalling in tumour
cells.
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EFFECT OF IODIDE THERAPY ON NIS FUNCTION

Although the function of NIS is to mediate iodide uptake in thyroid tissue, pre-treatment
with iodide has been found to have rather complex paradoxical effects on NIS expression
and function. Inhibition of thyroid function following administration of large doses of iodide
is well-known. Wolff and Chaikoff (1948) first reported that iodide organification in the rat
thyroid was blocked when plasma levels of iodide reached a critical high threshold, a
phenomenon known as the acute Wolff-Chaikoff effect [65]. In the following year, Raben et
al. (1949) showed that this could be prevented with the administration of thiocyanate, a
competitive inhibitor of iodide uptake, suggesting that the phenomenon was dependent on
the intrathyroidal rather than the plasma concentration of iodide [66]. It was further shown
that pre-incubation with a TPO inhibitor can abolish the inhibitory effect of iodide, raising
the possibility that it is mediated by iodinated intra-cellular compounds, possibly in the form
of iodolipids [67]. However, as early as 2 days after onset of the acute effect, an escape or
adaptation occurs that leads to gradual normalization of thyroidal functional levels. This
escape is mediated by activation of a potential autoregulatory loop and is associated with
reduced iodide transport leading to restoration of intracellular iodide levels.

Several studies have now shown that iodide administration is associated with a paradoxical
reduction in NIS mRNA and protein levels that, by reducing iodide transport, help to
overcome the inhibitory effect of iodide on thyroid hormone synthesis [68—70]. NIS
inhibition following iodide therapy is likely to involve both transcriptional and non-
transcriptional effects. Furthermore, the half life of the NIS protein is shorter in iodine-
treated cells, suggesting increased NIS protein turnover in these cells [68]. Similar to TSH-
induced stimulation, the inhibitory effect of iodide on NIS expression and function appears
to be thyroid-specific with no evidence of this being a significant phenomenon in non-
thyroidal tissues.

OTHER MODULATORS OF NIS FUNCTION

NIS expression can also be modulated by cytokines produced by infiltrating inflammatory
cells and, in some cases, by follicular cells themselves [70]. The thyroidal effects of
cytokines (tumour necrosis factor alpha (TNF-a) and beta (TNF-f), interferon-y (IFN-v),
interleukins 1-alpha (IL-1a), 1-beta (IL-1p), —6 (IL-6) and transforming growth factor-beta
(TGF-B)) have been evaluated in FRTL-5 cells. Ajjan et al. (1998) and Spitzweg et al.
(1999) reported that TNF-a inhibited TSH-stimulated NIS mRNA expression in FRTL-5
cells [68, 71]. In addition, Pekary et al. (1998) reported that TNF-induced inhibition of NIS
expression was mediated by the activation of sphingomyelinase, an enzyme that converts
sphingomyelin to ceramide in the plasma membrane [27]. Similar effects were observed in
human thyroid cells, in which TNF administration was associated with a dose-dependent
decrease of CAMP levels and Tg expression [72]. Furthermore, the effect was enhanced
when TNFs were combined with 1L-1 [68]. Similarly, TGF-f inhibits NIS mRNA
expression and iodide uptake in a time and dose-dependent manner. TGF-f also induces a
change in the shape of young FRTL-5 cells from a cuboidal to a flattened stellate
morphology. Subsequent ageing of these cells is associated with an increase in spontaneous
TGF-expression and secretion that leads to a further reduction of NIS mRNA levels and
iodide transport [27, 28]. There is conflicting evidence on the effect of IFN-y on thyroidal
NIS expression. Whereas Spitzweg et al. (1999) [64] reported that IFN-y had no effect on
iodide accumulation or NIS mRNA levels, Ajjan et al. (1998) [71] observed that IFN-y at a
high concentration (1000 U/ml) down-regulated TSH-stimulated NIS mRNA levels. The
latter results were confirmed in an in vivo study by Caturegli et al. (2000) that reported a
severe impairment of thyroid function and a loss of typical follicular structure combined
with down-regulation of NIS expression and activity in transgenic mice expressing IFN-v in
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the thyroid [73]. Therefore, it seems that the predominant effect of cytokines on TSH-
mediated NIS expression is inhibitory.

Previous studies have demonstrated a correlation between the levels of endogenous NIS
expression and the degree of differentiation of thyroid tumours (vide supra). Oncogenic
mutations of BRAF and RAS family genes, as well as RET rearrangements, play an
important role in malignant transformation and tumour progression of thyroid cancer.
Previous studies have shown that the activation of these oncogenes is associated with a
reduction in the mRNA levels of NIS and certain other thyroid-specific genes [74-76].
Moreover, BRAF mutation also leads to impaired targeting and retention of NIS protein at
the plasma membrane [77].

In accordance with these observations, several groups have investigated the possible effects
of differentiation-inducing agents, including retinoids and troglitazone on endogenous NIS
expression. Retinoic acid (RA), a vitamin A derivative, plays a pivotal role in development,
differentiation and cell growth. RA action is mediated through two families of nuclear
receptors, retinoic acid receptors (RARs) and retinoid X receptors (RXRs). All-trans RA
(ATRA), a ‘pan-retinoid’ (non-selective) ligand to all retinoic acid receptor (RAR) isomers,
has been shown to induce NIS mRNA in two thyroid cancer cell lines. Interestingly,
treatment of FRTL-5 rat thyroid cells with ATRA downregulates NIS mRNA, suggesting
differential regulation of NIS expression by RA in normal and malignant thyroid tissues
[78]. In a recent study, treatment of an anaplastic thyroid cancer cell line with 1 uM of
ATRA was associated with a 6.5 fold increase in the level of iodide uptake. Using
microarray analysis, the investigators showed that ATRA treatment was associated with
differential expression of several genes. More specifically, ATRA increased the expression
of BCL3, CSRP3, v-fos, and CDK5 genes and decreased the expression of the FGF12 and
IGFBP6 genes [79]. Differential expression of RAR isoforms may be important to predict
RA-mediated NIS induction in thyroid cancer. Several clinical trials have been performed
using ATRA in order to increase radioiodide uptake and improve clinical outcome of
patients with recurrent thyroid cancer [1]. The largest study was carried out on 50 patients
with iodide non-avid disease. Twenty-six per cent had a significant increase in radioiodide
uptake, but only 16% had reduced tumour volume following 131I administration [80].

Troglitazone is a peroxisome proliferator-activated receptor-gamma (PPAR-y) agonist that
inhibits cell proliferation and induces apoptosis. The chromosomal rearrangement PPAR-y/
PAX-8 occurs frequently in follicular thyroid carcinoma and in the follicular variant of
papillary thyroid carcinoma. This results in inactivation of PPAR-y function [81, 82].
Troglitazone has been reported to increase NIS mRNA in several thyroid cancer cell lines in
vitro [83, 84].

Epigenetic modifications, such as histone deacetylation, play an important role in the
regulation of gene expression and are likely to be involved in carcinogenesis. Deacetylated
histones are generally associated with silencing of gene expression and aberrant acetylation
is associated with several solid tumours and haematological malignancies. HDAC inhibitors
have been shown to induce differentiation and apoptosis combined with suppression of
transformed cell growth both in vitro and in vivo [85]. Depsipeptide (FR901228) is an
HDAC inhibitor that significantly increases NIS mRNA and iodide uptake in several thyroid
cancer cell lines (including anaplastic). Interestingly, depsipeptide also induces concomitant
expression of TPO, Tg and TTF-1 that leads to restoration of iodide organification and
reduced iodide efflux [86, 87]. Valproic acid (VPA) is a class | selective HDAC inhibitor
that is also widely used as an anticonvulsant. VPA-induced increase in NIS gene expression
and membrane localization combined with enhanced iodide accumulation has been observed
in poorly differentiated thyroid cancer cell lines [88]. Furthermore, it has also been reported
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that VPA upregulates NIS and Tg mRNA levels by 93-370% in differentiated thyroid
cancer (follicular) cell lines [89]. The upregulatory effects of HDAC inhibitors on thyroidal
NIS expression, combined with their differentiation and proapototic properties, make them
strong candidiates for further studies to investigate their potential as therapeutic agents in the
management of thyroid cancer.

DNA methylation, another epigenetic modification, is a covalent modification of cytosine
residues that occurs at the dinucleotide sequence CpG in vertebrates. Nearly, half of all
human genes have CpG islands associated with transcriptional start sites and CpG
methylation is associated with inhibition of transcription [90]. The human NIS gene has
three CpG-rich regions. One region is located in the promoter, extending upstream for about
100 base pairs from the transcription start site. Two additional CpG-rich sequences are
present downstream from this region with one of them extending to the first intron and the
other to the coding region within the first exon [86]. Previous studies have failed to
demonstrate specific patterns of DNA methylation that may be associated with failure of
NIS transcription [91, 92]. However, a study that evaluated the effects of 5-azacytidine (a
demethylating agent) combined with sodium butyrate (HDAC inhibitor) reported restoration
of hNIS mRNA levels in four and iodide transport in two of the seven thyroid cancer cell
lines investigated. Futhermore, analysis of the methylation patterns in these cell lines
revealed that successful restoration of hNIS transcription was associated with demethylation
of hNIS DNA in the untranslated region within the first exon [91].

Intriguingly, NIS expression is inhibited by Tg, which seems to act as negative regulator of
the expression of NIS and other thyroid-specific genes (including Tg itself, TPO and TSH
receptor). This suppressor effect of Tg is dependent on its ability to bind to the apical
surface of thyrocytes [93]. NIS expression is also inhibited in the presence of oestrogens that
also have progoitrogenic effects secondary to their combined effects of increased cell
growth and reduced NIS expression [94].

EXTRATHYROIDAL NIS

The first comprehensive review of the important iodide concentrating mechanisms outside
the thyroid gland was performed by Brown-Grant in 1961 [95], but there has been a
considerable shift in scientific opinion since then. The non-thyroidal tissues that actively
accumulate iodide include the salivary glands, gastric mucosa, lactating mammary gland,
choroid plexus and ciliary body of the eye. lodide transport in most extra-thyroidal tissues is
inhibited by perchlorate/thiocyanate [1]. Moreover, there are several reports of patients
suffering hereditary simultaneous absence of iodide transport in the thyroid, salivary glands
and gastric mucosa, suggesting that these effects are mediated through a common gene [95-
97].

Isolation of rNIS cDNA and the generation of anti-NIS Ab facilitated characterization of
NIS expression in extra-thyroidal tissues [98-100]. Subsequent analyses have confirmed
beyond doubt that iodide transport in most extra-thyroidal tissues is NIS-mediated in a
manner similar to that observed in the normal thyroid gland [101]. However, there are
certain important differences in iodide metabolism and the regulation of NIS expression in
extra-thyroidal tissues, when compared to normal thyroid gland. First, NIS expression in
extra-thyroidal tissues is independent of TSH stimulation and is modulated by other tissue-
specific hormonal regulators (see below). Second, extra-thyroidal tissues are devoid of an
efficient iodide organification mechanism, secondary to the lack of an appropriate colloid
protein (i.e. Tg) and corresponding iodide coupling (i.e. TPO) enzyme system. In this
respect, the situation may be compared to that observed in PTU-treated thyroid tissue.
However, as non-thyroidal tissues expressing NIS are not the site of any iodide-based
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hormone synthesis, the lack of iodide organification is not associated with any physiological
consequences. An exception to this general principle may exist in the lactating mammary
gland where lactoperoxidase is capable of mediating iodination of milk proteins, such as
casein [102].

NIS expression is differentially regulated in extra-thyroidal tissues compared to the thyroid
gland and this is associated with important post-translational modifications leading to
modest structural variations in the nature of the mature NIS polypeptides generated.
Previous immunoreac-tivity experiments have demonstrated that mammary NIS matures
into a 75 kDa polypeptide compared to the larger polypeptide isolated from the thyroid
gland. This has been attributed to differences in post-translational modification
(glycosylation) [103]. lodide transport in the mammary gland occurs during late pregnancy
and lactation. Studies investigating the possible regulatory mechanisms have shown that
prolactin stimulates iodide transport in mammary gland explants [104]. Consistent with
these findings is the observation that NIS is absent in mammary glands from nubile rats and
that NIS expression is increasingly detectable toward the end of gestation and in lactating
mammary gland. Furthermore, NIS expression is regulated in a reversible manner by
suckling during lactation [103]. Further in vivo studies in ovariectomized mice have shown
that the combination of estradiol, oxytocin and prolactin is associated with the highest level
of NIS expression [1].

The physiological role of NIS expression and function in salivary glands and gastric and
rectal mucosa is poorly defined. In the salivary glands, NIS protein has been detected in the
basolateral membrane of all ductal epithelial cells [103, 105, 106]. In a similar manner, NIS
protein is present in the basolateral membrane of mucin-secreting epithelial cells [103, 106].
Gastric NIS matures into an approximately 100 kDa gastric polypeptide and, again, the
differences in electrophoretic mobility have been attributed to differences in glysosylation
status [103].

Although NIS is expressed in the lactating mammary gland in normal circumstances, NIS
expression has been observed in a large proportion of breast adenocarcinomas. Using in vivo
scintigraphic imaging of experimental mammary adenocarcinomas in non-gestational and
non-lactating female transgenic mice carrying either an activated ras oncogene or
overexpressing the HER2/neu oncogene, Tazebay et al. (2000) demonstrated pronounced,
active and targeted expression of NIS. Furthermore, functional NIS activity was inhibited by
perchlorate [103]. Immunohistochemistry of breast cancer specimens showed that 87% of 23
human invasive breast cancers and 83% of 6 ductal carcinomas in situ expressed NIS. More
importantly, only 23% of 13 extratumoural samples from the vicinity of the tumours and
none of the eight normal samples expressed NIS. Both plasma membrane and intracellular
pattern of NIS staining was observed in malignant breast tissue, in contrast with the distinct
basolateral plasma membrane staining of lactating mammary gland tissues [103]. The same
group has subsequently developed a flow cytometry-based assay for the early detection of
mammary NIS expression in fine needle aspiration specimens [1].

Wapnir et al. (2003) studied NIS protein expression in 371 human breast samples and found
NIS positivity in 76% of invasive breast carcinomas, 88% of ductal carcinomas in situ and
80% of fibroadenomas. In contrast, the majority of normal breast samples (87%), excluding
gestational/ lactational changes, were negative [107]. The potential diagnostic and
therapeutic value of mammary gland NIS expression in human breast cancer becomes
apparent when comparing the proportion of NIS-expressing tumours (>75%) to those
expressing the HER2/neu oncoprotein (33%). However, the proportion of breast tumours
with functional NIS expression may be much lower, as shown by a study of 9MTcO,~
scintigraphy that demonstrated positive uptake in only 4 out of 25 patients with breast
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tumours [108]. In an-other study, 27 women were scanned with 9MTc¢ or 123] to assess NIS
activity in their breast carcinoma metastases. NIS expression was evaluated in index and/or

metastatic tumour samples by immunohistochemistry. lodide uptake was noted in only 25%
of NIS-expressing tumours (2 out of 8) [109]. It has been recently suggested that the P13-K

pathway is likely to play a major role in the discordance between NIS expression and iodide
uptake in breast cancer patients [110].

Pharmacological Modulation of Extrathyroidal NIS Expression

As a large proportion of extra-tumoural specimens did not express NIS in the above studies,
the possible use of radioiodide (1311) therapy in these circumstances should be associated
with a tumour-specific cytotoxic effect combined with an improvement in therapeutic index.
This has prompted several investigators to look at different ways of enhancing functional
NIS expression in breast cancer. The non-selective ATRA and also the isoform-selective
RAR agonists have been investigated in breast cancer with the aim of inducing endogenous
and functional NIS expression. Retinoids have a robust effect in inducing functional NIS in
MCEF-7 cells [111-113]. ATRA at a concentration of 1 pM has been shown to increase
iodide uptake, to 10-fold above baseline, in 3 different MCF-7 sub-clones. In contrast, the
ER-negative breast cancer cell line MDA-MB 231 showed neither NIS expression nor
iodide uptake, even after ATRA treatment [114]. Significant inductions of iodide uptake and
NIS mRNA have been observed with isomers of ATRA, 9-cisRA and 13-cisRA [111-113].
ATRA and 9-cis RA stimulate formation of heterodimers of RAR and RXR and the RAR-
RXR complex binds to its cis-element (retinoic acid response element (RARE)) on a target
gene to stimulate or suppress transcription. 13-cis RA has a low affinity for RARs and
RXRs [115] and stimulates RARs after isomerization to ATRA or 9-cisRA [116].
Differential regulation of gene expression by activation of each RAR isomer has been
reported. The RARP/y agonist AGN190168 is a more potent inducer of functional NIS
expression than AGN195183 (RARa agonist), AGN194433 (RARY agonist) or AGN194204
(pan-RXR ligand), suggesting a central role of RARp in NIS induction by retinoids [112].
ATRA induces NIS gene expression partially at the transcriptional level [45]. The consensus
sequence of RARE contains two of the core motifs, 5’-PuG[G/T][T/A]CA-3’, directly
repeating with a spacer of two or five bases (DR-2 or DR-5). Sequence inspection of the
human NIS gene has revealed two consensus DR-2 elements (AGGTCAGGAGTTCA) in
the first intron. However, it is not the putative DR-2 elements, but the DR-5 elements that
are involved in the response to ATRA stimulation in MCF-7 cells [117]. Recently, the
cardiac homeobox transcription factor, Nkx-2.5, was also shown to be induced by RA in
MCEF-7 cells and involved in the RA induction of NIS, using the rat proximal promoter in
MCEF-7 cells [118]. In vivo studies with MCF-7 xenograft tumours in immunodeficient mice
have demonstrated that induction of iodide uptake in the tumour by systemic ATRA
treatment increases iodine concentration up to 15-fold above background [114]. This was
associated with a modest increase in the level of intracellular NIS expression, but ATRA
stimulation did not induce NIS trafficking to the membrane. Furthermore, the iodide uptake
and expression reduced within 2 days of the level of maximum induction. Nevertheless, the
present evidence indicates that the effect of ATRA on NIS induction in breast cancer is
fairly robust. More interestingly, there are no reports of retinoid-induced NIS induction in
other NIS-expressing organs (thyroid, stomach, normal mammary gland), suggesting a
degree of tumour-specificity with attendant important therapeutic implications [119].

Dexamethasone has been shown to significantly increase RA-induced iodide uptake,
partially by stabilizing NIS mRNA [112]. This has been reported to reduce the median
effective concentration of ATRA for the induction of iodide uptake. In a recent study
reported by Unterholzner et al. (2007), incubation of MCF-7 cells with dexamethasone in
the presence of ATRA was associated with an 11-fold increase in NIS mRNA levels in a
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dose-dependent manner. In a similar manner, a 16-fold increase in NIS protein levels and
upto 3- to 4-fold increase in the level of iodide uptake was observed. Furthermore, this was
associated with modest reduction in the level of iodide efflux. Use of therapeutic
radioisotope (1311) in these circumstances was associated with an increased cytotoxic effect.
Selective cytotoxicity of 1311 was significantly increased from approximately 17% in MCF-7
cells treated with ATRA alone to 80% in MCF-7 cells treated with Dex in the presence of
ATRA [120]. Combined treatment with ATRA/dexamethasone in vivo was associated with
significant 1231 accumulation in MCF-7 xenografts that, by ex vivo gamma counting,
revealed a 3.3-fold increase in iodide accumulation as compared to control tumours treated
with ATRA alone. NIS mRNA and protein expression were detectable in ATRA/Dex treated
MCF-7 tumours by RT-PCR and immunohistochemistry, respectively [121]. These
encouraging results have set the stage for further studies aiming to exploit the potential
reporter and therapeutic functions of NIS in managing breast cancer.

GENETICALLY TARGETED RADIOISOTOPE THERAPY USING NIS

Radioisotopes are unstable forms of an element that have an imbalance in the relative
numbers of protons and neutrons. As a consequence, they decay to emit particulate and/or
electromagnetic radiation, both of which may be useful in treating tumours. Radioisotopes
are used therapeutically as either sealed or unsealed sources. Sealed sources are used to
deliver brachytherapy - whereby a radioisotope contained within an inert casing is placed on
the surface of a tumour (mould brachytherapy) or within its substance (interstitial
brachytherapy) or within the lumen of a hollow viscus (intraluminal brachytherapy) or
cavity (intracavitary brachytherapy). At the end of the treatment period when the prescribed
dose has been delivered, the radioactive sources are removed from the patient who remains
uncontaminated by the radioisotope. In contrast, unsealed sources are radioisotopes which
are not confined within a container and that come into contact with the patient through direct
ingestion or injection. They are selectively absorbed in target tissues and deliver radiation
dose through emission of decay particles (usually a or Pparticles), although they also deliver
dose to any non-target tissues in which they localise. The use of unsealed radioistopes as a
means of delivering radiation dose to tumours is well established in a relatively small
number of clinical scenarios, including thyroid cancers (1311, 111In-octreotide) [2, 122],
prostate cancer (89Sr, 223Ra) [123, 124], neuroblastoma/phaeochromocytoma (1311-meta-
iodobenzyl-guanidine) [125] and lymphomas (*°Y-labelled anti-CD20 monoclonal
antibody) [126].

The rapid developments in understanding the biology of NIS that have been detailed above
have raised the possibility of using NIS-targeted therapeutic radioisotopes to treat non-
thyroid cancers. This may involve treating tumours that endogenously express NIS (eg
breast cancer) or those that have been induced to express NIS through exogenous methods
of gene transfer. When cytoreductive NIS gene therapy was first proposed, it was greeted
with considerable scepticism, as it was felt that the lack of iodide organification in non-
thyroidal tissues would limit iodide retention and defeat the therapeutic purpose. However,
there is no hard evidence to support the view that iodide organification is absolutely
essential for radioiodide therapy. Moreover, thyroid cancer metastases often display a
disrupted follicular architecture and lack Tg expression, both of which are associated with
ineffective iodide organification, and yet radioiodide therapy against these metastases is
effective [1]. In addition, therapeutic studies by Spitzweg and colleagues, in prostate cancer
cell lines following exogenous gene transfer have conclusively demonstrated that
radioiodide treatment can be effective, even in the absence of iodide organification [127-
129].
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Targeted radioisotope therapy is associated with at least two types of bystander effect. The
first is decay particle cross-fire of neighbouring untransduced cells by adjacent transduced
cells that have accumulated radioisotope. The second effect is due to conversion of the
physical insult of irradiation into chemical signals by the exposed cell, perhaps in the form
of reactive oxygen species (ROS) or cytokines. This latter so-called radiation-induced
biological bystander effect (RIBBE) may induce chromosomal aberrations, genomic
instability and cell death in untransduced, unirradiated cells. There is considerable evidence
that RIBBE occurs in tissues and may contribute to death of cells not directly in the
radiation track [130, 131].

Preclinical Studies of NIS Gene Transfer by Replication-Defective Viruses

NIS gene therapy has undergone extensive pre-clinical evaluation. Fig. (3) is a schematic
illustration of the important principles of vector (adenoviral)-mediated NIS radioiodide
therapy in an experimental tumour model. Shimura et al. (1997) first successfully
transfected rNIS cDNA by electroporation into malignant transformed rat thyroid cells
(FRTL-Tc) with restoration of iodide transport activity. FRTL-Tc cells stably expressing
rNIS accumulated 121 60fold in vitro and xenotransplants in Fischer 344 rats derived from
the same stably transfected cell line trapped up to 27.3% of the total 12| dose with an
effective half-life of ap-proximately 6 hours. A therapeutic dose of 1 mCi 1311 did not,
however, cause statistically significant tumour volume reduction [127].

Since then several studies have demonstrated the feasibility of inducing functional NIS
expression in extrathyroidal tumours [133]. Cho et al. (2000) evaluated the expression and
activity of hNIS in cultured human glioma cells following adenovirus-mediated gene
delivery invitro and in vivo. Delivery of exogenous hNIS invitro resulted in more than a
120-fold increase in iodide uptake in U1240 cells infected with recombinant adenovirus
expressing hNIS regulated by the CMV promoter. Intratumoural injection of Ad-CMV-hNIS
into subcutaneous xenografts of U251 human gliomas resulted in a 25-fold increase in 12|
accumulation compared to the spleen or saline-injected tumours [134]. Mandell et al. (1999)
demonstrated in vitro and in vivo iodide accumulation in melanoma, liver, colon and ovarian
carcinoma cells after retrovirus-mediated transfection with rNIS. NIS-transduced melanoma
xenografts accumulated significantly more 123| (6.9-fold increase) than non-transduced
tumours [135]. Similarly Boland et al. (2000) used adenoviral-mediated NIS (CMV
promoter) gene delivery to demonstrate functional levels of NIS expression in several
tumour cell lines (cervix, prostate, breast, lung and colon carcinoma cells). Fold increases in
iodide uptake of 125-225 times were observed in vitro. Eleven per cent of the total | dose
could be recovered per gram of adenovirus-infected tumour tissue (breast and cervix
xenografts). Although an in vitro cytotoxic effect was observed, the study failed to
demonstrate an in vivo therapeutic effect. However, this was possibly secondary to the low
intraperitoneal doses of 1311 (90 pCi) used in the study [136]. Nakamoto et al. (2000) stably
transfected the human breast cancer cell line (MCF-7) with the rNIS gene using
electroporation and demonstrated a 44-fold increase in radioiodide uptake in vitro and
reasonable levels of retention (16.7%) of the total 1251 dose administered in vivo [137].
Spitzweg et al. (1999) first demonstrated tissue-specific expression of hNIS cDNA in
androgen-sensitive human prostate adenocarcinoma (LNCaP) following transfection with a
eukaryotic expression vector in which the full-length hNIS cDNA was coupled to a prostate-
specific antigen (PSA) promoter. Prostate cells transfected with PSA-NIS showed
perchlorate-sensitive, androgen-dependent iodide uptake. In contrast, cells transfected with
the PSA-NIS and deprived of androgen or cells transfected with control vectors failed to
retain iodide [127]. The same group were also the first to demonstrate the feasibility and
effectiveness of NIS-mediated cytotoxicity in vivo and, in the process, allayed concerns that
NIS-mediated therapy was unlikely to succeed due to lack of iodide-organification in non-
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thyroid tumours. They employed LNCaP cell lines stably tranfected with hNIS-cDNA
(NP-1) under the control of a PSA promoter (NP-1 cells) and showed perchlorate-sensitive,
androgen-dependent iodide uptake in vitro that resulted in selective killing of these cells by
radioiodide (1311) in an in vitro clonogenic assay. Xenografts were established in athymic
nude mice and imaged using a gamma camera after intraperitoneal toneal injection of 500
HCi of 123]. In contrast to the NIS-negative control tumours (P-1) that showed no in vivo
iodide uptake, NP —1 tumours accumulated 25-30% of the total 123| administered with a
biological half-life of 45 hours. In addition, NIS protein expression in LNCaP xenografts
was confirmed by Western analysis and immunohistochemistry. More interestingly, a single
therapeutic dose of 3 mCi 131| yielded a dramatic therapeutic response in NIS-transfected
LNCaP xenografts, with an average volume reduction of more than 90% and complete
tumour regression in 60% of tumours [128]. The same group subsequently employed a
replication-deficient human adenovirus incorporating the human NIS gene driven by the
CMV promoter (Ad5-CMV-NIS) for in vivo NIS gene transfer into LNCaP tumours.
Following intraperitoneal injection of a single therapeutic dose of 3 mCi 1311 4 days after
adenovirus-mediated intratumoural NIS gene delivery, LNCaP xenografts showed a clear
therapeutic response with an average volume reduction of more than 80% [129].

Cho et al. (2002) reported on results from a study aimed at investigating the therapeutic and
reporter applications of NIS gene transfer in an animal model of intracerebral gliomas. F98
glioma cells were transduced with a recombinant retrovirus containing hNIS (L-hNIS-SN)
driven by the Moloney murine leukemia virus LTR promoter. Radioiodide uptake in hNIS-
transduced F98 rat glioma cells (F98/hNIS) was 40-fold higher than parental F98 cells and
was inhibited by perchlorate. Rat glioma cells (F98/LXCN) transduced with empty vector
did not show enhanced iodide uptake. hNIS expression was demonstrated by Western
analysis in transduced cells (mainly in the 90 kDa glycosylated form). Using TcO4
scintigraphy, it was possible to visualise intracerebral gliomas (F98/hNIS) at eleven days
after tumour implantation, when the tumour measured 4.5x3.8 mm. 123| scintigraphy
confirmed radioiodide retention in F98/hNIS gliomas. Rats were injected with 250 uCi 1231
via the tail vein and gamma camera images were acquired at different time points after
injection. Radioiodide uptake was evident in F98/hNIS gliomas up to 24 hrs after injection.
However, | uptake was barely detectable in F98/hNIS gliomas at 37 hrs after injection.
Based on the time-activity curve, the bio-logical half-life of 123 in F98/hNIS gliomas was
estimated to be 10 hrs, compared to the biological half-life of more than 20 hrs in the normal
thyroid gland. Importantly, the authors demonstrated that intrinsic thyroidal NIS expression
and iodide uptake could be markedly inhibited by thyroxine (T4) supplementation of the
diet. In the therapeutic model, animals received three intraperitoneal injections (4 mCi each)
of 131 on days 12, 14 and 16 after tumour implantation. The average survival time of the
rats with F98/hNIS tumours with 131] treatment was prolonged compared with that of rats
with F 98/LXSn tumours with 131] treatment (2 weeks longer, P <0.01). However, no
significant difference in the size of the tumours was observed within the two groups at the
time of death. Rather interestingly, the rats bearing F98/hNIS tumours not treated with
radioiodide had a survival time longer than rats bearing parental F98 tumours (39.0 £ 4.1
days vs 30.4 £ 3.2 days). Tumour inhibitory properties of the normal sodium/iodide retained
by the hNIS transduced cells and the host immune response to hNIS cells were some of the
hypotheses put forward by the investigators to explain the above phenomenon [138].

Kakinuma et al. (2003), reported on a study that evaluated adenoviral-mediated NIS
expression regulated by the tissue-specific probasin promoter in prostate and various other
tumour cell lines. Following infection with a replication-deficient adenoviral vector
expressing NIS cDNA from a composite probasin promoter (ARR(2)PB), androgen-
dependent and perchlorate-sensitive iodide uptake was demonstrated in LNCaP cells that
was 3.2-fold higher compared to the Ad-CMV/hNIS vector. Furthermore, iodide uptake in a
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panel of non-prostate tumour cell lines infected with Ad-ARR(2)PB/hNIS was significantly
lower, indicating the tissue specificity of this construct [139].

Sieger et al. (2003), investigated radioiodide uptake in a hepatoma cell line in vitro and in
vivo after transfer of the sodium iodide symporter (hNIS) gene under the control of a
tumour-specific regulatory element, the promoter of the glucose transporter 1 (GT1) gene
(GTI-1.3). NIS-expressing stable cell lines (rat hepatoma (MH3924A)) demonstrated
perchlorate-sensitive increased iodide uptake (30-fold increase in vitro and 22-fold increase
in vivo) compared to the wild-type cell line. Similarly, the mean radiation dose delivered to
MH3924A xenografts was 10-fold higher (85 mGy compared with 830 mGy) following
administration of 18.5 MBq of 1311 [140]. The same group performed a further study on
iodide kinetics in NIS-expressing rat prostate adenocarcinoma cell lines (Dunning R3327
subline AT1). NIS-expressing stable cell lines were generated following trans-fection with a
retroviral vector expressing NIS regulated by the tumour-specific regulatory element, the
elongation factor 1a (EF1-a) promoter. NIS-expressing cells showed increased iodide
uptake, but this was associated with rapid efflux. In vitro, rapid efflux of the radioactivity
(80%) was observed during the first 20 minutes after replacement of the medium. Similarly,
the hNIS-expressing xenografts had lost upto 91% of the initial activity at 24 hours. The
authors subsequently demonstrated flattening of the in vivo dose-response curve with
increasing 131 concentration that was attributed to the rapid iodide efflux. For example,
1200 MBg/m? of 131] was associated with a mean tumour dose (MTD) of 3+/-0.5 Gy (wild-
type tumour 0.15+/-0.1 Gy) and 2400 MBg/m2 with MTD of 3.1+/-0.9 Gy (wild-type
tumour 0.26+/-0.02 Gy) [141]. Further to this, Faivre et al. (2004) reported on an in vivo
kinetic study of NIS-related iodine uptake in an aggressive model of hepatocarcinoma
induced by diethylnitrosamine in immunocompetent Wistar rats. An adenoviral vector
expressing rNIS regulated by the CMV promoter (Ad-CMV-NIS) was injected into the
portal vein of 5 healthy and 25 hepatocarcinoma-bearing rats. This was associated with
marked (from 20 to 30% of the injected dose) and sustained (>11 days) iodide uptake that
contrasted with the rapid iodide efflux observed in vitro. Prolonged retention of iodide
observed in vivo was not attributed to an active retention mechanism, but to permanent
recycling of the effluent radioiodine via the high hepatic blood flow. Ra-dioiodine therapy in
these circumstances was associated with strong inhibition of tumour growth, complete
regression of small nodules and prolonged survival of hepatocarcinoma-bearing rats [142].

Gaut et al. (2004) reported on a study of NIS-mediated radioiodide therapy in a head and
neck cancer model. Using a NIS-expressing AV vector regulated by the CMV promoter,
they demonstrated a perchlorate-sensitive increase (upto 25-fold) in iodide uptake in
transduced cell lines (FaDu, SCC-1 and SCC-5). Treatment with 1311 was associated with a
dose-dependent increase in cytotoxicity with an observed 80% reduction in cell survival on
an in vitro clonogenic assay. Similarly, an in vivo therapeutic dose of 1311 (1 mCi) was
associated with a delay in the growth of NIS-transduced tumours in athymic nude mice.
Moreover, when radioiodide was administered to mice with established xenografts of stably
transfected NIS-expressing FaDu cells, almost complete tumour regression was observed
[143].

Schipper et al. (2005) reported on the results of NIS-mediated radioiodide therapy in a
neuroendocrine cancer model. The study was performed in Bonl and QGP pancreatic
neuroendocrine tumour cells. NIS gene delivery was mediated by plasmids expressing hNIS
cDNA regulated by the CMV promoter or by the tissue-specific chromogranin A promoter.
Chromogranin A is produced by 80-100% of neuroendocrine tumours and serves as a
reliable biochemical marker. A 20-fold increase in iodide uptake was observed following
transfection with the plasmid expressing NIS regulated by the chromogranin A promoter.
This contrasted with an up to 50-fold increase in iodide uptake observed following CMV
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promoter-driven NIS expression. Maximal uptake was reached within 15 minutes in QGP
cells and 30 minutes in Bon1 cells, with an effective half-life of 5 minutes and 30 minutes,
respectively. However, no evidence of organification was detected by high-performance
liquid chromatography and gel-filtration chromatography to account for the longer half-life
of iodide in the Bon1 cells. 131 was highly effective in preventing the formation of QGP
and Bon1 cell clones in the in vitro clonogenic assay. Clonogenic survival was reduced in
the NIS-expressing QGP and Bonl cells by 99.8 and 98.8%, respectively, after incubation
with 100 puCi/ml of 1311 [144].

Cengic et al. (2005) assessed the feasibility of radioiodide therapy of medullary thyroid
cancer (MTC) after NIS gene transfer using the tissue-specific calcitonin promoter to target
hNIS gene expression to MTC cells. MTC cells were stably transfected with an expression
vector, in which hNIS cDNA was coupled to the calcitonin promoter. hNIS-transfected cells
showed a perchlorate-sensitive, 12-fold increase in iodide uptake. Furthermore, this was
associated with in vitro organification of 4% of the accumulated iodide, resulting in a
significant decrease in iodide efflux. In an in vitro clonogenic assay, 84% of NIS-transfected
cells were killed by exposure to 1311 (0.8 mCi), compared to less than 1% of control cells
[145]. Subsequently, the same group reported on results of a similar in vitro study performed
in a colorectal cancer model. Colorectal (HCT116) cancer cells were stably transfected with
hNIS cDNA coupled to the tissue-specific CEA promoter. The stably transfected HCT116
cells concentrated 125] about 10-fold in vitro without evidence of iodide organification.
Furthermore, 95% of stably transfected HCT116 cells were killed by exposure to 1311, while
only about 5% of NIS-negative control cells were killed [146].

Dwyer et al. (2005) reported on a study of in vivo NIS gene transfer followed by radioiodide
imaging and treatment in a breast cancer model. They developed a replication-defective
adenoviral construct expressing NIS under the control of the mucin-1 (MUCL) promoter
(Ad5/MUCL/NIS) to target expression specifically to MUC1-positive breast cancer cells.
MUCL1 is a transmembrane glycoprotein that is overexpressed in many tumour types,
including breast, pancreatic and ovarian cancers. A 58-fold increase in iodide uptake was
observed in infected MUC1-positive T47D cells with no significant increase observed in
MUC1-negative MDA-MB-231 cells or in cells infected with the control virus. Tumour
xenografts were transduced with 5 x 108 plaque-forming units (PFU) of recombinant Ad5-
MUC1-NIS or control virus. 123| scintigraphy yielded clear images of the NIS-transduced
tumour xenografts. Multiple images were acquired from 1 to 48 hours after iodide
administration to determine the rate of iodide efflux from the tumours. The average tumour
activities per gram (corrected for acquisition time, background and iodide decay) at 1, 3, 5
and 7 hours were 21%, 15%, 11% and 7%, respectively, and had decreased to <2% by the
24-hour time point. The biological half-life of the iodide in the tumour was calculated to be
5.8 hours. Administration of a therapeutic dose (3 mCi) of 1311 resulted in an 83% reduction
in the volume of NIS-transduced tumours, whereas control tumours continued to increase in
size (P < 0.01) [147]. Subsequently, the same group employed this strategy for in vivo
radioiodide imaging and therapy of ovarian and pancreatic tumours. In vitro studies in
pancreatic cancer cells revealed a 43-fold increase in iodide uptake in NIS-transduced cells
compared with controls. Similarly, in vivo imaging revealed effective iodide uptake and
retention at the site of NIS-transduced tumours, with optimal uptake (13% of injected dose)
observed 5 hr after iodide administration. Intravenous injection of Ad5/CMV/NIS resulted
in robust iodide uptake throughout mouse liver, whereas no uptake was detected in the liver
of animals given Ad5/MUCL/NIS intravenously, thereby conclusively demonstrating the
tissue-specificity of the MUC1 promoter. Therapeutic doses of 1311 resulted in significant
regression of NIS-transduced (Ad/MUC1/NIS) tumours, with a mean 50% reduction in
volume within 10 weeks of therapy (p<0.0001) [148]. Transduction of ovarian tumour cells
with the AdJ/MUCL/NIS vector was associated with a 5-fold increase in iodide uptake in
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vitro, compared to a 12-fold increase in iodide uptake with Ad/CMV/NIS. In vivolZ3|
scintigraphy revealed clear tumour visualisation following transduction with the Ad/CMV/
NIS vector. In contrast, the tumour visualisation following transduction with the Ad/MUC1/
NIS vector was less intense. These results were in keeping with the therapeutic studies that
showed a significant reduction (53%) in tumour volume (p<0.0001) with a therapeutic dose
of 1311 following transduction with the Ad/CMV/NIS vector. However, 131 administration
following transduction with the AdJ/MUCL/NIS vector was not associated with tumour
regression, although at 8 weeks after therapy the mean relative tumour volume in the NIS-
tranduced group was significantly lower compared to the non-transduced controls, indicating
slowing in the rate of tumour progression (166 versus 332%, p<0.05) [149].

In keeping with the above observation, a group from China recently published results from
another study aimed at optimising the above strategy for the treatment of pancreatic cancer
where NIS expression was driven by the tumour-specific MUC1 promoter. A 23- and 15.5-
fold increase in iodide uptake was observed in Ad/MUC1/NIS-infected MUC1-positive
Capan-2 (pancreas) and SW1990 (pancreas) cells with no significant increase observed in
MUC1-negative Hela (cervical) cells or in cells infected with the control virus. Capan-2
xenografts were established in nude mice and transduced with 5 x 108 PFU of Ad-MUC1-
NIS vector. Subsequent intraperitoneal administration of 0.5 mCi of 123] allowed
visualisation of tumours using conventional gamma camera imaging. The rate of iodide
efflux was determined using serial image acquisition. The average tumour activities per
gramat 1, 3, 5and 7 hrs were 10.8, 12, 9.9 and 7%, respectively, and had decreased to 3%
by the 24 hour time point with an effective biological half-life of 10.5 hrs. Following a
therapeutic dose of 1311 (3 mCi), Ad/MUC1/hNIS-infected tumours regressed to 76 +15% of
their original volume (p<0.05) within 7 weeks of therapy [150].

Spitzweg et al. (2007) reported on a study of a novel therapeutic strategy aimed at assessing
the effects of tissue specific NIS expression using the CEA promoter in a model of MTC.
Using 123 scintigraphy, they demonstrated that MTC cell xenografts injected with the Ad5-
CEA-NIS vector (5 x 108 PFU) accumulated 7.5 +/- 1.2% ID/g (injected dose per gram) of
iodide with an average biological half-life of 6.1 +/- 0.8 hrs. Administration of a therapeutic
dose (3 mCi) of 131 resulted in a significant reduction of tumour growth associated with
significantly lower calcitonin serum levels in treated mice as well as improved survival
[151]. More recently, the same group has published on another study in which NIS
expression was driven by the tumour specific promoter (alfa-fetoprotein (AFP)) in a
hepatocellular carcinoma model. Murine Hepa 1-6 and human HepG2 hepatoma cell lines
were stably transfected with NIS cDNA under the control of the tumour-specific AFP
promoter. Following exposure to 1311, more than two-thirds of NIS-transfected cells were
killed compared to less than 5% of the control population. NIS-transfected HepG2
xenografts accumulated 15% of the total 1231 administered per gram of tumour with a
biological half-life of 8.38 hr, leading to an estimated tumour absorbed dose of 171 mGy
MBq1131], Administration of 1.5 mCi of 1311 was associated with significant inhibition of
tumour growth in vivo [152].

In addition to the above in vivo studies primarily performed in rodents, a preclinical
dosimetric study of NIS-mediated radioisotope therapy has been performed in adult male
beagle dogs. This was a safety and feasibility study that was carried out in preparation for a
Phase I clinical trial to be performed in patients with locally recurrent prostate cancer. In this
study, animals received direct intraprostatic injections of 1 x 1012 viral particles of NIS-
expressing AV vectors regulated by the CMV promoter. This was followed by intravenous
injection of 3 mCi 123] and serial image acquisition using SPECT/CT. This revealed clear
images of the prostate in all dogs that were injected with Ad5/CMV/NIS and none in the
group injected with the control virus. The level of uptake in each organ was expressed as a
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percentage of the total activity and used to estimate the dose of radioiodide delivered to each
organ. The average absorbed dose to the prostate was estimated to be 23 + 42 cGy/1

mCi 1311, This indicated that an 85 mCi dose of 131 would be sufficient to obtain a target
dose of 2000 cGy to the prostate. Following a therapeutic dose of 131] (116 mCi/m?),
preceded by T3 supplementation (0.7ug/kg) for 8 days, the estimated mean doses delivered
to the prostate, thyroid, stomach and liver were 1245.1 + 280.9, 12.0 + 0.99, 23.2 + 2.00 and
0.89 + 0.63 cGy/mCi of 1311. No major toxicities or changes in blood biochemistries were
noted. This was the first study of its kind to assess the reporter and possible therapeutic
functions of NIS-mediated radioisotope therapy in large animals that involved
administration of therapeutic doses of | similar to those used in the clinical setting [153].

In summary, the above studies have conclusively demonstrated the feasibility of using NIS-
mediated radioisotope therapy in a wide variety of tumour models. These studies have
employed various methods of gene delivery, ranging from simple plasmid-mediated delivery
regulated by the constitutive CMV promoter to more complicated genetically engineered
viral vectors incorporating NIS driven by tumour- (GT-1, EF1-a, AFP), or tissue-specific
promoters (PSA, probasin, CEA, MUCL1). Key-points of the design and outcome from the
above studies have been summarised in Table 1.

Preclinical Studies of NIS Gene Transfer by Replication-Competent Viruses

Until recently, much of the focus of virus-mediated NIS delivery was predicated on the
notion of using viruses purely as vehicles to deliver the therapeutic genes. However, within
the last 5 years there has been a significant shift in attitudes in favour of the use of
replication-competent or oncolytic virus vectors which has principally been driven by
recognition of their greater potency (due to their intrinsic cytotoxicity and their ability to
self-amplify and, thus, increase the level of transgene expression) and their impressive
safety record.

A number of NIS-expressing oncolytic agents have been assessed. We recently reported in
vivo SPECT imaging of the time-course of gene expression from two oncolytic adenoviruses
expressing NIS in tumor-bearing mice [154]. In these viruses, the hNIS cDNA was
positioned in the E3 region either in a wild-type adenovirus type 5 (AdIP1) or one in which
a promoter from the human telomerase gene (RNA component) was driving E1 expression
(AdAMSG). Viruses showed functional hNIS expression and replication in vitro and the
kinetics of spread of the two viruses in tumour xenografts were visualized in vivo using a
small animal nano-SPECT/CT camera. The time required to reach maximal spread was 48 h
for AdIP1 and 72 h for AJAMG6 suggesting that genetic engineering of adenoviruses can
affect the kinetics of their dissemination in tumours. More recently, we have shown that a
Whnt-targeted oncolytic adenovirus expressing NIS can mediate a specific oncolytic effect
that is augmented by the additional delivery of 1311 [155. In addition, SPECT imaging
studies allowed careful evaluation of the optimal therapeutic schedule for virus
administration and subsequent radioisotope delivery. Thus, a single radioisotope dose
delivered 48 hours after virus administration resulted in very significant anti-tumour
efficacy.

A recombinant NIS-expressing Edmonston strain measles virus (MV-NIS) has also been
shown to have significant potential both as an in vivo imaging tool and as a therapeutic agent
in combination with 131] [156]. An initial preclinical model of multiple myeloma
demonstrated that MV-NIS was capable of mediating concentration of 123| such that intratu-
moral spread of the virus could be imaged by serial gamma camera imaging. In therapy
experiments, when MV-NIS was combined with 1311, it was able to cause complete
regressions of MM1 xenografts (which were resistant to virus therapy in the absence of
radioisotope) [156]. Subsequent studies demonstrated that MV-NIS was active in mice

Curr Cancer Drug Targets. Author manuscript; available in PMC 2014 February 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hingorani et al.

Page 19

bearing intraperitoneal SKOV3 ovarian cancer [157] and subcutaneous BxPC-3 pancreatic
cancer xenograft tumours [158, 159]. The promising nature of these studies has led to
instigation of phase | clinical trials of MV-NIS in patients with a range of tumour types
[160].

Thyroid Gland Suppression as a Strategy During NIS Gene Therapy

Therapeutic radioiodide (1311) has been the most commonly employed radioisotope in the
above studies. Radioiodide uptake in the thyroid gland is associated with organification and
prolonged retention. In the long term, this will lead to radiation-induced hypothyroidism
secondary to ablation of normal thyroid tissue. In addition, sequestration by the thyroid
gland may reduce the uptake of radioiodide within the exogenously NIS-transduced tumour
tissue, potentially compromising the therapeutic effect. For example, in the study by
Spitzweg et al. (2000) the absorbed dose to the tumour was calculated to be 3.5 Gy aftera 1
mCi dose of 1311, In comparison, the average absorbed dose to the thyroid was estimated at
approximately 4.5 Gy/mCi 1311, In view of the above, it is important that some form of
mechanistic strategy aimed at reducing iodide uptake within intrinsic thyroid tissue is
incorporated within experimental protocols [128].

Cho et al. (2000), in one of the earlier studies on the effect of NI1S-mediated 1311 therapy in
glioma xenografts (F98/hNIS), specifically looked at the effect of thyroxine (T4)
supplementation on iodide uptake within the thyroid gland and NIS-transduced gliomas. As
part of their study, rats were placed on 1 ppm thyroxine (T4)-supplemented diet for 1 week
before the first day of 1311 treatment. Rats fed on T4-supplemented diet did not show any
uptake in the thyroid on subsequent 99MTcO," scintigraphy. Furthermore, this correlated
with a reduced level of NIS protein expression on western blot analysis [134]. Most
subsequent studies have employed low-iodine diets combined with T4 supplementation
(0.05-5 mg/l) for 1-2 weeks prior to radioiodide therapy [128,150-153]. The effectiveness
and feasibility of using this protocol can be gauged from the study by Wapnir et al. (2004)
that was performed in patients with metastatic breast cancer [109]. In this study, T3
supplementation was effective in reducing thyroid iodide uptake to less than 2.8% at 24
hours. lodide supplementation may also be employed to suppress iodide uptake within the
thyroid gland. Potassium iodide (KI) (0.1-2%) administered for 24-48 hrs prior to treatment
has been previously used to suppress thyroidal iodide uptake following administration of
iodinated radiolabelled analogues. In a study by Dupertuis et al. (2001), KI (0.2 g/l)
supplementation for upto 24 hours prior to administration of 3.7 MBq of iodinated 5-
iodo-2’-deoxyuridine [1221]1dUrd significantly reduced iodide uptake in thyroid tissue [161].
There is, as yet, no evidence that iodide-induced suppression of NIS function and resulting
iodide transport is prevalent outside the normal thyroid gland (vide supra). Therefore, Kl
supplementation appears to be a more pragmatic and convenient way of blocking iodide
uptake within the thyroid gland in studies of NIS-mediated 131] therapy for the treatment of
non-thyroid cancer.

Optimisation of the Therapeutic Response to NIS

As discussed previously, one of the main caveats against the potential success of NIS gene
therapy as a treatment for extra-thyroidal cancer has been the lack of an effective iodide
retention mechanism. It has been shown previously that the effective biological half-life

of 1311 in these circumstances ranges from approximately 5-10 hours [147, 151, 152], which
is far less than that observed within the normal thyroid gland.

Using a regression dosimetry model, O’Hare et al. (1998) estimated the effective half-life
of 1311 in the thyroid gland of a 30-year old male to be approximately 7.5 days [162]. The
mean absorbed-dose by the thyroid gland after administration of 131| was estimated as
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approximately 0.70+0.09 Gy MBq ~1 in a healthy non-iodine-deficient male. In the context
of thyroid cancer patients, there is no consensus amongst physicians about the optimal
prescribed activity and no routine measure of the dose absorbed by the lesions, in spite of
the extensive use of the radioiodide in the treatment of thyroid cancer for the last 50 years.
Physicians prescribe empirical activities to patients. In the field of radiation oncology, doses
of external beam radiotherapy began from an empirical approach, but were modified as
clinical and radiobiological data gave more insights in to the actual absorbed dose in tissues.
Now the unit of radiotherapy is ‘absorbed dose’ measured in Gray (Gy).

However, dosimetry in radioisotope treatment has not developed in the same way because it
is not simple and is dependent on many physiological factors. The empirical activity
method, used for many decades, has been shown to be safe and effective. The most
commonly used activity for ablation of a thyroid remnant is between 1.1 to 3.7 GBg.
However, the success rates for ablation with this approach reach only up to 80% and patients
with unsuccessful ablation have a higher chance of recurrence, anaplastic transformation and
mortality [163]. The activity used for the treatment of residual or recurrent thyroid cancer
also varies most commonly in the range of 5.5 to 11 GBq. Retrospective studies have shown
that normal tissue toxicity with these activities is modest. Around 25% of the patients
complain of mild to moderate xerostomia whilst myelosupression is seen in a very low
proportion of the patients usually following multiple treatments [164, 165].

Another problem with the empirical activity method is that the administered activity is not
directly related to the absorbed dose. This is dependent on variables such as homogeneity of
radioiodine uptake, pre-treatment TSH level, iodine deprivation of the body prior to the
treatment, excretion rate of the radioiodine and biology of the tumour. ‘Whole body’
measurements of dose have been done in previous studies and can vary from 5% to 50% of
the given dose at 48 hours. Most patients lie in the 10% to 25% range, thus emphasizing the
importance of developing a more accurate dosimetric approach. In an attempt to make the
prescription less empirical, Benua introduced a system to calculate and prescribe to absorbed
dose in the whole blood compartment or bone marrow [166]. These doses correlated well
with the toxicity profile. Their recommended safe maximum whole blood dose was 2 Gy
with maximum body retention at 48 hours less than 4.4 GBq and, if lung metastases were
present, less than 3 GBg. An advantage of this method is that potentially higher doses of the
radioiodine can be delivered as long as these tolerance limits are respected. However, these
measurements do not give any indication of the dose received by the tumour itself. Thus, the
therapeutic impact of the dosimetry is not known.

Lesion-based dosimetry aims to measure the absorbed dose per lesion following delivery of
the radioisotope [167]. This method aims to predict the activity needed in order to deliver a
specific absorbed dose required to produce tumour cell kill in the target lesion. Patients are
scanned serially following administration of a tracer radioisotope to establish patient specific
biokinetics. Using these data, the radiation absorbed dose to thyroid cancer lesions can be
estimated. The activity of radioiodine required to deliver a predicted absorbed dose can
therefore theoretically be predicted from such a tracer study. Of course, there are limitations
to such a method. The uptake of radioisotope into the tumour is assumed to be instantaneous
and decay is assumed to be mono-exponential. When considering prediction of dose from
the tracer study one assumes that the biokinetics of the tracer dose and the therapy dose are
the same. If there is a difference the predicted dose to the tumour could be an over- or under-
estimation.

Therefore, even in relatively well studied situations like ablation- or therapy-dose iodide
treatment in thyroid cancer, there remain significant gaps in our understanding of the
dosimetric issues. We do not have human studies of exogenous NIS gene transfer for direct
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comparison. However, in the study by Dwyer et al. (2005) performed in adult male beagle
dogs, the average absorbed-dose delivered to the prostate following intraprostatic injection
of 1 x 1012 viral particles of Ad-CMV-NIS was estimated to be much lower at 0.23 + 0.42
Gy after an intravenous administration of 1 (37 MBq) mCi 1311 [153]. The therapeutic effect
observed in this situation is mediated by radioiodide-induced lethal and sublethal cellular
DNA damage, which primarily depends on the area under the curve of the cumulative
radioactivity within the cell. This, in turn, is governed by two important factors - the level of
iodide uptake (function of cellular NIS expression) and the time spent by the iodide in the
cell (function of iodide retention mechanisms). Therefore, further optimisation of the
therapeutic effect may be achieved by modulation of the above two factors - enhancing the
level of NIS expression and intracellular retention of iodide - with the aim of improving the
area under the time-radioactivity curve and the resulting cytotoxic effect.

Prolongation of lodide Retention During NIS Gene Therapy

Previous studies have evaluated the effect of lithium on iodide-metabolism in NIS-
expressing thyroid tissues and in NIS-deficient poorly differentiated thyroid cancer cell lines
and extra-thyroidal cell lines following exogenous NIS transfer. Initial studies had shown
that lithium diminished the release of 1311 from papillary and follicular thyroid cancers, thus
potentially increasing the absorbed radiation dose to the tumour [168— 171]. This hypothesis
was tested in a clinical study in patients with differentiated thyroid cancer, where lithium
carbonate was administered prior to 1311 scintigraphy. Lithium lengthened the biological
half-life, with a mean increase of approximately 50% in tumours and 90% in thyroid
remnants. Furthermore, lithium was relatively more effective in lesions with shorter
biological half-lives of 1311. When the control biological half-life was less than 3 days,
lithium prolonged the effective half-life in responding metastases by more than 50%. This
was associated with an estimated 2.29 +/-0.58-fold increase in the absorbed radiation dose
[170]. In a more recent study, the effect of lithium on iodide uptake was evaluated in vitro
using the benign rat thyroid cell line FRTL-5 and the non-thyroid Madin-Darby canine
kidney (MDCK) cell line stably transfected with human NIS. Interestingly, no effect of
lithium carbonate on iodide uptake or efflux was observed in either of the cell lines. The
investigators also carried out an evaluation of the effect of lithium on iodide uptake and
tumour response in vivo. Twelve patients with metastatic DTC, who had received previous
radioiodide therapy without lithium (control), were treated with 1200 mg lithium carbonate/
day followed by 6000 MBq of 1311, Although, lithium increased the radioiodide uptake in
seven patients, no beneficial effect of 1311 with lithium was observed on the clinical course
as assessed radiographically and by serum Tg measurements [171]. Similar results were
observed in another study where lithium did not influence the iodide uptake of stably
transfected NIS-expressing human anaplastic and medullary thyroid cancer-derived cell
lines [172]. These conflicting data expose the potential limitations of using this
pharmacological approach at optimising the level of intracellular iodide retention.

Huang et al. (2001) reported on a combined NIS and thy-roperoxidase (TPO) gene co-
transfer strategy in order to maximise intracellular radioiodide retention. This was based on
the principle that TPO catalyzes iodination of proteins and promotes iodide retention within
thyroid tissue. Trans-fection of NSCLC cells with both human NIS and TPO genes resulted
in an increase in radioiodide uptake and retention and enhanced tumour cell apoptosis
compared to isolated NIS gene delivery [173]. In contrast, Boland et al. (2002) did not
obtain a significant increase in the iodide retention time in SiHa human cervix tumour cells,
even though the production of an enzymatically active TPO was tested and a significant
increase in iodide organification was observed in the targeted cells [174]. This may not be
all that surprising since the effectiveness of TPO-mediated iodide organification in the
normal thyroid gland is related to the presence of a follicular architecture and the presence
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of the colloid protein (thyroglobulin). In contrast, extrathyroidal tissues are deficient in
either of these mechanisms. Therefore, combined NIS and TPO delivery is unlikely to
confer a significant advantage in terms of prolongation of iodide retention in this situation.

Smit et al. (2006) evaluated the effect of a low-iodine diet and thyroid ablation on in vivo
radioiodide accumulation in NIS-transfected follicular thyroid carcinoma cell line xenografts
(F TC133-NIs30). Radioiodide (1311) half-life in FTC133-N1S30 tumours was 3.8 hours
compared to 26.3 hours in thyroid-ablated mice kept on a low-iodide diet, leading to a much
higher area under the time-radioactivity curve. Experimental radioiodide therapy with 2 mCi
(74 MBaq) in thyroid-ablated nude mice, kept on a low-iodide diet, delayed tumour
development with a calculated tumour dose of 32.2 Gy. The authors postulated dietary
iodide modulation, combined with thyroid ablation, as one of the possible ways of
overcoming the short half-life of radioiodide observed following exogenous NIS gene
therapy [175]. However, the limited applicability of this strategy in the clinical situation is
likely to reduce the translational potential and hinder its further progress and development.

Alternative Therapeutic Radioisotopes for Use in NIS Gene Therapy

Investigators have also looked at optimising the cytotoxic response following NIS gene
transfer using alternative radioisotopes. In addition to pertechnetate (®™TcO,~) and iodide
radioisotopes (1231 and 1311), perrhenates (188Re0,~ and 186Re0,") are important
therapeutic substrates of NIS. 18Re is a powerful -emitting radioisotope with a half-life of
16.7 hours and a minimum electron energy of 0.528 MeV, that is approximately 7 times
more potent than 1311 (0.068MeV) and effective over a higher tissue range (23-32 mm).
This com-bined with the shorter half-life (17 hours vs 8 days for 1311) makes it an attractive
option for the treatment of NIS-tranduced non-thyroidal tumours. The favourable energy
characteristics of rhenium isotopes are likely to be associated with higher absorbed doses.
This has been previously demonstrated in an endogenously NIS-expressing breast cancer
model, where 188Re administration was associated with upto 4.5-fold higher radiation dose
per MBq of radioisotope com-pared to 1311 [176]. In keeping with the above observation,
rhenium was associated with superior survival in rats bearing NIS-tranduced F 98/hNIS
gliomas, compared to 1311 [177].

Furthermore, rhenium is not retained or organified by the thyroid gland, which alongside the
shorter half-life should substantially reduce the risk of post-treatment hypothyroidism.
Zuckier et al. (2004) characterised the kinetics and comparative biodistribution of
perrhenate and iodide in healthy CD1 mice and showed marked similarity. However,
rhenium uptake in the normal thyroid had started to diminish at 19 hours, compared to the
rising uptake of iodide secondary to iodide organification [178]. Dadachova et al. (2005)
reported on a study that compared the therapeutic effects of rhenium (188Re) and radioiodide
(131) in PyMT mice bearing mammary cancer xenografts. Mice were administered 2 doses
(1.5 mCi each) of one of the two isotopes a week apart followed by assessment of their
effects on tumour growth and thyroid function. Tumour growth was significantly inhibited
in both the groups compared with the untreated control. However, there was significant
reduction in the re-growth of the tumours in the rhenium-treated group com-pared with

the 1311 group. More importantly, rhenium was associated with normal thyroid function
compared to undetectable thyroid hormone T3/T4 levels in the 1311 -treated group [179].
More recently, Willhauck et al. (2007) reported on a study aimed at assessing the
therapeutic efficiency of rhenium in stably transfected LNCaP cells expressing NIS
regulated by the PSA promoter (NP-1). NP-1 cell xenografts in nude mice accumulated 8-
16% of the injected dose (ID)/g of 188Re, with a biological half-life of 12.9 hours. This
resulted in a 4.7-fold increase in the tumour absorbed dose (0.45 Gy MBq~1) as compared
with 13|, The therapeutic effect of rhenium was significantly enhanced in larger tumours as
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compared to 131] (average tumour volume reduction of 86% vs 75%), which is possibly a
reflection of the higher range of beta particulate emission from rhenium. These results show
that rhenium may offer significant therapeutic advantages over radioiodide, especially for
the management of larger tumours [180].

Astatide (21At) is an a-emitting radiohalide characterized by a short physical half-life of
7.2 hours. Alpha particles have energies ranging from 5-9 MeV, with corresponding tissue
ranges of 5-10 cell diameters, and deposit 80-100 keV/um along most of their track (rate of
energy deposition increases to 300 keV/um at the end of the track — the socalled Bragg
peak). The decay of 211At results in the emission of -particles with a mean linear energy
transfer (LET) of 97 keV/um that is approximately 500 times more potent than the
corresponding beta particulate emission of 1311, Car-lin et al. (2005) reported on a study
aimed at assessing the in vitro cytotoxicity of 212At and 1311 in NIS-transduced glioma cells.
They employed a first-order pharmakokinetic model to simulate the closed compartment
system of medium and cells. Monte Carlo transport methods were then used to estimate the
absorbed dose from the cumulated activity concentrations in the medium and cells. The
absorbed doses per unit administered activity were 54- to 65- fold higher for 211At compared
to 131] and that translated into superior cytotoxicity assessed by clonogenic assay. However,
NIS-independent (non-specific) binding of 211At was higher than that of 1311, therefore
yielding a lower absorbed dose ratio between NIS-transduced and non-transduced cells
[181]. This non-specific binding of astatine may have detrimental effects on the therapeutic
index and may offset any potential advantage. Petrich et al. (2006), reported on an in vivo
study of astatine in mice harboring rapidly growing tumours established from a papillary
thyroid carcinoma cell line genetically modified to express NIS (K1-NIS). Mice (n=25) then
received intraperitoneal injections of 1.0, 0.5 and 1.0 MBq of 211At on days 0, 5 and 186,
respectively. Within 3 months, astatine caused complete primary tumour eradication in all
cases of K1-NIS tumour-bearing mice with no recurrences during a 1 year follow-up. The
survival of astatine-treated mice was 96% at 6 months and 60% at 1 year [182]. Although,
the use of astatine is a promising option, this is confounded by its limited availability and
major safety, production and handling issues that are likely to have an adverse impact on its
future development.

Upregulation of NIS Expression

Uptake of radioisotope is a direct function of the level of NIS expression within the cell.
Increased uptake of the relevant radioisotope secondary to higher levels of NIS protein will
increase the area under the time-radioactivity curve. Therefore, strategies aimed at
upregulating NIS expression should lead to superior cytotoxic effect, by virtue of
exploitation of the above principle. The use of dexamethasone and retinoids to enhance
endogenous NIS expression in breast cancer models has been previously discussed [119,
121]. This strategy has also been investigated following exogenous NIS transfer in breast
and prostate cancer models. Spitzweg et al. (2003) examined the effect of ATRA on the
regulation of PSA promoter-directed NIS expression and its therapeutic effectiveness in
NIS-transfected LNCaP (NP-1) cells. ATRA induced 3-fold, 2.3-fold, and 1.45-fold
increases in the levels of NIS mRNA, protein and iodide uptake, respectively. Interestingly,
the effect of ATRA on NIS upregulation was androgen-dependent as it was completely
blocked in the presence of bicalutamide, a selective androgen antagonist. Following
therapeutic radioiodide, 50% cell survival was observed in the NP-1 cells and this fell to
10% in the presence of ATRA [183]. In a more recent study, Lim et al. (2007) assessed the
effects of ATRA on adenoviral-mediated NIS (CMV promoter) expression in MCF-7 cells.
A dose-dependent increase in the level of NIS protein expression and iodide uptake was
observed following treatment with ATRA [184]. ATRA-induced upregulation of NIS
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expression appears to be a promising strategy for therapeutic optimisation following
exogenous delivery. Further in vivo validation of the above results is awaited.

Radiation has been combined with CGT in the past with the aim of exploiting possible
synergistic interactions between the two modalities. More specifically, radiation has been
shown to enhance gene expression from both viral and non-viral vectors and increase the
therapeutic efficacy of oncolytic viral therapy [185]. In the context of NIS gene delivery, it
has recently been shown that external beam radiotherapy upregulates NIS expression from
adenoviral vectors. Tumor cells were irradiated (0, 4 and 8 Gy) and infected at various time
points with different multiplicities of infection (MOls) (0.01, 0.1, 1 and 10) of adenoviral
vectors expressing NIS under CMV or telomerase promoters (hTR, hTERT). Radiation-
induced upregulation of NIS expression was radiation dose-dependent and more pronounced
at lower MOls, but was was independent of the promoter. The effect of tumor cell
irradiation on the time course of transgene expression from Ad-hTR-NIS was also assessed.
The level of gene expression increased with time in irradiated cells, with higher levels of
expression observed at later time points in the cells infected with the lower MOls (0.01 and
0.1) of virus. At these lower MOls, radioiodide uptake was at its greatest level at 144 hours
in cells irradiated to 8 Gy and this contrasted sharply with the falling levels of gene
expression in unirradiated cells at this time [186]. Using GFP and luciferase reporters, the
same authors demonstrated that maintenance of double-stranded DNA breaks was
responsible, at least in part, for radiation-induced upregulation of gene expression from
adenoviral vectors [187]. Specifically, inhibitors of ataxia telangiectasia mutated (ATM)-,
poly-(ADP-ribose) polymerase (PARP)- and DNA protein kinase (DNA-PK)-mediated
DNA repair were shown to maintain double-stranded DNA breaks (as measured by yH2AX
foci) by fluorescent activated cell sorting and microscopy. Inhibition of DNA repair was
associated with increased GFP expression from a replication-defective adenoviral vector
(Ad-CMV-GFP) and radiation-induced upregulation of gene expression was abrogated by
inhibitors of MAPK (PD980059, U0126) and PI-3K (LY294002), but not by p38 MAPK
inhibition. In vivo administration of a water soluble DNA-PK inhibitor (KU0060648) was
shown to maintain luciferase expression in HCT116 xenografts after intratumoral delivery of
Ad-RSV-Luc. Subsequent studies have shown similar effects for NIS-expressing adenoviral
vectors (Hingorani et al. unpublished observations).

Radiosensitisation During NIS Gene Therapy

The therapeutic response to NIS-mediated 1311 therapy may also be optimised with the use
of radiosensitising agents aimed at enhancing the biological response (Fig. 4). The cytotoxic
effect following radioisotope therapy, as with other forms of ionising radiation, depends
primarily on the number and extent of lethal and sub-lethal DNA damaging events (double-
strand breaks (DSB)) acquired prior to the efflux of radioisotope. The probability of
acquiring an irreparable lethal DNA lesion increases in direct proportion with the time spent
by the radioisotope within the cell. Furthermore, the therapeutic response depends on
fidelity of the available cellular DNA repair pathways that can repair some of the sublethal
damage acquired by the cell. This holds especially true for 3-emitting radioisotopes that
have relatively low LET values (0.2 keV/um) and, thus, a low ionising potential. Cell death
following administration of B-emitting radioisotopes is due to radioactive decay within the
primary cell (self-dose) or decay within the neighbouring cells (cross-fire). In either case,
the low LET of the B particles may necessitate several of these particles (20,000 in one
estimate) to traverse the cell nucleus in order to ensure DNA lethality and cell death [188].
However, 3 particulate irradiation is associated with a high probability of sub-lethal DNA
lesions and this explains the linear-quadratic distribution of their logarithmic dose-response
survival curves [188]. In contrast, a particles are a form of high LET radiation (70-100 keV/
um) and this significantly increases the probability of lethal DNA damage following their
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application. In turn, this explains the linear distribution of their logarithmic dose-response
curves. Previous studies have shown that traversal of 1-4 o particles through a mammalian
cell nucleus may be sufficient to kill the cell [189-191].

Despite their favourable physical characteristics, the relative unavailability of a-emitting
radioisotopes makes their routine use unlikely. The therapeutic radioisotope most commonly
employed in previous studies of NIS gene therapy has been the widely available $-emittg
radioiodide (1311). The therapeutic limitations of 131] may be somewhat masked during its
use for the treatment of thyroid cancer, because of the prolonged effective half-life
secondary to retention and organification within the thyroid gland. This may not hold true
when 1311 is used or the treatment of non-thyroid cancer and may necessitate administration
of an unusually high dose of the radioisotope for a clinically relevant dose of radiation to be
delivered. However, it may be possible to enhance the biological effect of 1311 by inhibiting
the repair of sub-lethal DSB generated during its use. This may potentially over-come some
of the perceived drawbacks of 1311 therapy in the management of NIS-transduced non-
thyroid cancer. This will certainly be an interesting area to explore in further studies.

NIS AS REPORTER GENE

One of the main advantages of NIS gene is its applicability as a reporter gene that may be
employed for real-time non-invasive assessment of the biodistribution, gene expression and
replication of various vector systems [141]. Most commonly, NIS gene expression has been
mapped using pertechnetate (°*™TcO,7)- or iodide (1231)-based scintigraphic techniques
with conventional gamma camera imaging [138, 150-152] or SPECT/CT [153].
Scintigraphic assessment enables estimation of the level of radioisotope uptake and the
effective half-life within the NIS-transduced tumour, which may then be employed to
provide reliable estimates of the tumour absorbed dose. The reporter function of NIS can,
therefore, be an extremely important tool for appropriate dosimetric assessment in NIS-
based therapeutic studies [192]. NIS has also been employed to map the replication of
various viral vectors, including oncolytic adenovirus [154] and measles virus [159].

NIS-based 99MTc0O," scintigraphy was employed to assess the real-time in vivo
biodistribution, in dogs, of a RCAV vector incorporating NIS and also expressing the CD/
HSV-tkmyt gene. Using high-resolution autoradiography it was possible to obtain an
accurate 3D-reconstruction of the distribution of gene expression that enabled quantitation
with sub-millimetre resolution. The authors conferred the term ‘GENIS’ (gene expression of
Na/l symporter) to this NIS-based imaging protocol [193]. The same group has also reported
the use of GENIS as a means of non-invasively monitoring viral gene expression in men
with clinically localized prostate cancer. Patients received an intraprostatic injection of Ad5-
yCD/mutTK(SR39)rep-hNIS and NIS gene expression was imaged by 99MTcO,~
scintigraphy using single photon emission-computed tomography (SPECT). Gene
expression was detected in the prostate in seven of nine patients at 1 x 1012 virus particles
(vp) but not at the 1 x 1011 dose level. The volume and total amount of gene expression was
quantified by SPECT and showed that, following injection of 1 x 1012 vp in 1 ml, gene
expression volume (GEV) increased to a mean of 6.6 cm3, representing 18% of the total
prostate volume. GEV and intensity peaked 1-2 days after the adenovirus injection and was
detectable in the prostate for up to 7 days. Whole-body imaging demonstrated no evidence
of extraprostatic dissemination of the adenovirus [194].

CONCLUSION

The rapid advances that have been made in the last decade in our understanding of the
biology of NIS mean that NIS-mediated radioisotope therapy may represent an important
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therapeutic strategy for the treatment of non-thyroid cancers. As such, it is possible that the
therapeutic experience of controlling and curing metastatic thyroid cancer may eventually be
extended to other cancer types. However, before this goal can be realised, a great deal of
translational research will be needed. Key steps in the process will include optimisation of
gene delivery and expression, selection of the most appropriate radioisotopes for imaging
and therapy and evaluation of combination regimens in which NIS-mediated radioisotope
therapy augments the activity of standard anti-tumor therapies. This latter point is
particularly important since it is unlikely that NIS will be capable of acting as a stand-alone
therapy in any of the common tumour types. The next decade is likely to see significant
research activity in this exciting field of gene therapy.
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adenovirus expressing NIS under the control of a carcinoembryonic
antigen promoter

adenovirus expressing NIS under the control of a cytomegalovirus
promoter

ataxia telangiectasia mutated
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interleukin-1 alpha
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Fig. 1.

Schematic representation of the role of NIS in iodide transport in normal thyroid follicular
cells. Thyroid stimulating hormone (TSH) stimulation of TSH receptor (TSH-R) activates
adenylate cyclase (AC) which generates cyclic AMP (cAMP) from AMP. This stimulates
NIS-mediated co-transport of two sodium ions along with one iodide ion, with the
transmembrane sodium gradient serving as the driving force for iodide uptake. Thiocyanate
(CNS") and perchlorate (C1O,4™) are competitive inhibitors of iodide accumulation in the
thyroid. The efflux of iodide from the apical membrane to the follicular lumen is driven by
pendrin (the Pendred syndrome gene product) and possibly other unknown apical
transporters. lodide organification within the thyroid follicular lumen (mediated by
thyroperoxidase (TPO) and dual oxidase 2 (Duox2)) generates iodinated tyrosine residues
within the thyroglobulin (Tg) backbone. These are ultimately released as active thyroid
hormone (T3 and T4). (Modified from Spitzweg et al J. Clin. Endocrinol. Metab 2001 86,
3327-35).
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Fig. 2.

Secondary structure model of functional NIS protein. NIS is predicted to have 13
transmembrane domains with the NH, terminus facing extracellularly and the COOH
terminus facing intracellularly. There are three potential glycosylation sites at positions 225,
485, and 497 of the amino acid sequence. The length of the 13 transmembrane segments
ranges from 20-28 amino acids, except for transmembrane segment V which contains 18
residues. (Modified from Spitzweg et al J. Clin. Endocrinol. Metab 2001 86, 3327-35).
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Fig. 3.

Schematic diagram of adenovirus-mediated NIS gene delivery: 1. Ad-NIS is injected by the
intratumoural, locoregional or systemic route; 2. Ad-NIS infects target cells through the
cognate coxsackie and adenovirus receptor (CAR); 3. Ad-NIS drives NIS gene expression
and protein is displayed on the cell membrane in infected cells.; 4. Radioiodine is
administered systemically and is taken up in NIS-expressing tumour cells; 5. f-particulate
radiation mediates both direct and bystander killing of cells.
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Fig. 4.

Possible interactions between NIS-mediated radioisotopic therapy and external beam
radiotherapy (EBRT). EBRT increases CAR and integrin expression and enhances NIS gene
expression from replication-defective adenoviral vectors. The radiation dose delivered via
radioiodide, directly to transduced cells and indirectly to bystander cells, can sensitise these
cells to the cytotoxic effects of EBRT. Additional use of targeted radiosensitising drugs can
lead to further synergistic interactions between radioisotopic irradiation and EBRT.
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Table 1
Pre-Clinical Studies of NIS Gene Therapy
Reference Study type NISdelivery Results
Shimura et al. invitroand in vivo electroporation restoration of iodide uptake
(1997) FRTL-Tc cells (thyroid) rNIS cDNA no therapeutic effect
[132] functional and therapeutic IT injection

in vivo!31l dose (1 mCi)

Cho et al. (2000)
[134]

invitroand in vivo
U1240 and U251 (gliomas)
functional

Adenoviral vectors expressing
hNIS

regulated by the CMV promoter
IT injection

120-fold increase in iodide uptake in vitro
25-fold increase in iodide uptake in vivo

Mandell et al.
(1999)
[135]

invitroand in vivo

Cell lines: melanoma
(A375), liver

(BNL.1, ME), colon (CT26),
ovarian

(IGROV)

functional and therapeutic

Retroviral expression of rat NIS
(rNIS) (SV40 promoter)
IT injection

invitro therapeutic effect
increased iodide uptake (6.9 fold in vivo)

Boland et al. (2000)
[136]

invitroand in vivo

Cell lines: cervix (SiHa),
prostate

(DU145, PC-3), breast
(MCF-7 T-

47D), lung (A549), colon
cancer

functional and therapeutic

Adenoviral vectors expressing
rNIS

regulated by the CMV promoter
IT injection - 2 x 10° PFU

in vitro therapeutic effect

no in vivo therapeutic effect (90 pCi 1311)
increased iodide uptake in vitro (125-225 fold)
11% of 1251 given was recovered per g of in-
fected tumours in vivo

Nakamoto (2000)
[137]

invitroand in vivo
breast (MCF-7)
functional and therapeutic

elctroporation
rNIS cDNA

44-fold increase in iodide uptake in vitro
retention of 1251 (16.7%) administered in vivo

Spitzweg (2000)

invitroand in vivo

Cells stably transfected with

perchlorate-sensitive, androgen-driven iodide

(F98/hNIS)
functional and therapeutic

[128, 129] prostate (LNCaP) cancer cell | hNIS- uptake
lines cDNA (PSA promoter) (NP-1) in vitro therapeutic effect
functional and therapeutic Adenoviral vectors expressing retention of 123 (25-30%) administered in vivo
NIS with biological half-life of 45 hours
regulated by the CMV promoter 90% average tumour volume reduction and
(Ad- 60% complete response (3 mCi 1311
CMV-NIS) - 80% average tumour volume reduction in viral-
3 x 10° PFU injected IT tranduced tumours (3 mCi 1311)
Cho (2002) invitroand in vivo glioma cells transduced with NIS- | perchlorate-sensitive increase (40-fold) in
[138] NIS-transduced glioma cells expressing retroviral vectors iodide uptake in vitro

(hNIS
(MMV/LTR promoter))

NIS-transduced tumours visualised in vivo with
9mTc0O,/ 1231 scintigraphy

radioiodide (1231) retained for upto 24hrs in
vivo, biological half-life of 10 hrs

improved survival in glioma-bearing rats
(F98/hNIS) after 12 mCi of 131

Kakinuma (2003)
[139]

invitro

prostate (LNCaP), other
tumour cell

lines (SNU449, MCF-7,
HCT116,

OVCAR-3, and Panc-1)

Adenoviral vectors expressing
NIS

regulated by the tissue-specific
probasin promoter (Ad-
ARR(2)PB-

hNIS) or the CMV promoter

androgen-dependent, perchlorate-sensitive
iodide uptake in LNCaP cells (3.2 fold higher
than Ad-CMV-NIS)

tissue-specificity of the ARR(2)PB/hNIS con-
struct (iodide uptake much lower in non-
prostate cell lines)

functional and therapeutic

functional
Seiger (2003) invitroand in vivo rat hepatoma cells stably 30-fold increase in iodide uptake in vitro
[140] rat hepatoma transfected 22-fold increase in iodide uptake in vivo
functional and therapeutic with hNIS regulated by GT1-1.3 mean dose of 830 mGy delivered to MH3924A
pro- xenografts compared with wild-type
moter (MH3924A)
Faivre (2004) invitroand in vivo Adenoviral vector expressing increase in iodide uptake in vitro (non-
[142] rat hepatoma rNIS sustained)

regulated by CMV promoter (Ad-
CMV-NIS)

increased (20-30% of injected 1251) and sus-
tained iodide uptake in vivo (>11 days)
iodide retention in vivo attributed to hepatic
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SCC-1, sCC-
5)
functional and therapeutic

regulated by CMV promoter
FaDu cells stably transfected with
hNIS used for tumour xenografts

Reference Study type NIS delivery Results

Intra-portal injection of Ad-CMV- | recycling

NIS tumour growth inhibition and regression of

in hepatoma bearing Wistar rats tumour nodules in vivo
Gaut (2004) invitroand in vivo Adenoviral vectors expressing perchlorate-sensitive increase in iodide uptake
[143] head and neck (FaDu, NIS (upto 25-fold)

dose-dependent (31) reduction in in vitro
survival

in vivo tumour growth delay and regression
following 13! therapy (1 mCi)

Schipper (2003)
[144]

invitro

pancreatic neurendocrine
cells

(Bonl, QGP)

functional and therapeutic

plasmid cDNA (hNIS)
regulated by the tumour-specific
pro-

moter (chromograninA) or the
consti-

tutive (CMV) promoter

20-fold increase in iodide uptake with NIS
expression driven by the chromogranin A
promoter

effective half-life of iodide 5 minutes in QGP
and 30 minutes in Bon1 cells

marked reduction in clonogenic survival
(>99%) following 100 uCi/ml 1311

Cengic (2005)
[145]

invitro

medullary thyroid cancer
cells

functional and therapeutic

MTC cells stably transfected with
hNIS regulated by calcitonin
promoter

12-fold increase in iodide uptake in NIS-
transduced cell lines

lodide organification (4%)

84% reduction in cell survival with 1311 (0.8
mCi)

functional and therapeutic

regulated by MUC1 promoter
(Ad-
MUC1-NIS)

Scholz (2005) invitro HCT116 cells stably transfected 10-fold increase in iodide uptake in NIS-
[146] colorectal cancer cells with transduced cells
(HCT116) hNIS regulated by CEA promoter | 90% reduction in cell survival with 131
functional and therapeutic
Dwyer (2005) invitroand in vivo Adenoviral vector expressing 58-fold increase in iodide uptake in MUC1+ve
[147] breast cancer: MUC1+ve hNIS [T47D] cells
[T47D], regulated by MUC1 promoter NIS-transduced tumours visualised in vivo with
MUC1-ve [MDA-MB-231] (Ad- 123 scintigraphy
functional and therapeutic MUC1-NIS) biological half-life of retained iodide - 5.8hrs
IT injection — 5 x 108 PFU invivo
83% reduction in tumour volume
Dwyer (2006) invitroand in vivo Adenoviral vector expressing 43-fold increase in iodide uptake
[148] pancreatic cancer hNIS in vivo scintigraphy — 13% of injected iodide
functional and therapeutic regulated by MUC1 promoter retained by tumours - optimal uptake at 5 hrs
Ad- in vivo therapeutic effect with 1311 (>50% re-
MUC1-NIS) duction in tumour volume) (p<0.0001)
Dwyer (2007) invitroand in vivo Adenoviral vector expressing 5-fold increase in iodide uptake with
[149] ovarian cancer hNIS Ad/MUC1/NIS - compared with 12-fold in-

crease with Ad/CMV/NIS

in vivo scintigraphy - less intense uptake with
Ad/MUC1/NIS compared with Ad/CMV/NIS
131 >509% reduction in tumour volume with
Ad/CMVINIS

Chen (2007)
[150]

invitroand in vivo
pancreatic cancer
(Capan-2 and SW1990)
functional and therapeutic

Adenoviral vector expressing
hNIS

regulated by MUC1 promoter
(Ad-

MUC1-NIS)

IT injection — 5 x 108 PFU

more than 15-fold increase in iodide uptake
in vivo with 123 scintigraphy — 3% retained at
24 hrs

biological half-life of 10.5 hrs

in vivo therapeutic effect with 1311 (3 mCi)
(>75% reduction in tumour volume of NIS-
transduced tumours) (p<0.05)

Spitzweg (2007)
[151]

invivo
medullary thyroid cancer
functional and therapeutic

AV vector expressing hNIS
regulated

by CEA promoter (Ad-CEA-NIS)
IT injection — 5 x 108 PFU

iodide retention of 7.5 +/- 1.2% ID/g
biological half-life — 6.1 +0.8hrs

significant reduction in tumour growth with 31|
with reduction in calcitonin levels

Willhauck (2007)
[152]

invitroand in vivo
hepatocellular carcinoma
functional and therapeutic

stably NIS-tranfected murine
hepa-1-6

and human hepG2

cell lines

> 75% cell-death following exposure to 1311
hepG2 xenografts accumulated 15% of 123|
biological half-life of 8.4 hours
tumour-growth inhibition after 55MBq of 131

Dwyer (2005)
[153]

invivo
adult male beagle dogs
safety and feasibility study

Adenoviral vector expressing
hNIS

regulated by CMV promoter (Ad-
CMV-NIS)

123 | scintigraphy using SPECT/CT
average-absorbed dose of 23 +42 cGy after 1
mCi 131

average-absorbed dose of 1245.1 +280.9 cGy
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Reference

Study type

NIS delivery

Results

assessed reporter and
possible thera-

peutic effects of prostatic
NIS ex-

pression

open intraprostatic injection of 1 x
10'2 PFU of Ad-CMV-NIS

after 116 mCi/m213]
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