Clinical and Translational Imaging (2023) 11:113-125
https://doi.org/10.1007/540336-023-00540-0

MINI-REVIEW q

Check for
updates

The sodium iodide symporter (NIS) as theranostic gene: potential role
in pre-clinical therapy of extra-thyroidal malignancies

Nahid Darabi' - Mohsen Keshavarz? - Iraj Nabipour® - Majid Assadi’

Received: 5 December 2022 / Accepted: 9 January 2023 / Published online: 16 January 2023
© The Author(s), under exclusive licence to Italian Association of Nuclear Medicine and Molecular Imaging 2023

Abstract

Purpose Sodium iodide symporter (NIS), as a broadly exploited cancer theranostic molecule, has attracted considerable
interest in non-thyroidal tumors. Several groups have investigated the significant potential of the NIS gene to induce radioio-
dine accumulation across various tumor types. In this review, we discuss the role of NIS as a theranostic gene in pre-clinical
extra-thyroidal cancer therapy and highlight the remarkable progress in the viral and non-viral transgene transfer systems
including oncolytic viruses, engineered mesenchymal stem cells (MSCs) and synthetic polyplexes.

Methods A literature search was conducted using PubMed, Scopus, and Google Scholar databases. In addition, the keywords
"sodium iodide symporter", "gene transfer", "extra-thyroidal malignancies", "viral transfer system", "non-viral transfer
system", and "'3'I" were used.

Results Following the exclusion of letters, editorials, commentaries, and duplicate publications, this review summarized
preclinical studies that used viral and nonviral NIS delivery methods in conjunction with '3'I to describe the effective role
of combination therapy.

Conclusion NIS-mediated expression in combination with '*'I can be considered a promising approach in the preclinical
treatment of extra-thyroidal malignancies and metastases. Malignant cells expressing NIS are thought to accumulate radio-
nuclides intracellularly, which contributes to the remarkable therapeutic effects observed.

Keywords Sodium Iodide symporter - '3'I - Gene transfer - Viral transfer system - Non-viral transfer system - Extra-
thyroidal malignancies
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188 Re Rhenium-188

HDACi Histone deacetylase inhibitor
TSH Thyroid stimulating hormone
MEK Mitogen-activated protein kinase

CT Computerized tomography
ATP Adenosine triphosphate
At-211 Astatine-211

1241 Todine-124

TAAs Tumor-associated antigens
TERT Telomerase reverse transcriptase
VSv Vesicular stomatitis virus

LPEI Linear polyethylenimine

HuH Human hepatocellular carcinoma
AuNCs Ultrasmall gold nanoclusters
PEG Polyethylene glycol
Introduction

The sodium iodide symporter (NIS), a transmembrane gly-
coprotein on the basolateral membrane of thyroid cells that
actively participates in sodium and ion co-transports, is
one of the oldest targets for the diagnostic and therapeutic
application of radioiodide [1, 2]. The cloning of the NIS
gene, in 1996 by Carrasco et al., has provided a powerful
antitumor tool via the development of robust therapeutic
application along with a sensitive reporter gene into non-
thyroidal tumors [3]. NIS greatly facilitate in vivo real-time
tracking performance of biological process through the use
of whole-body imaging modalities such as positron emis-
sion tomography (PET) and single photon emission com-
puted tomography (SPECT) [4]. To date numerous viral and
non-viral delivery systems including viral vectors, oncolytic
viruses, engineered MSCs, and polyplexes are represented
as a promising platform for facilitating gene delivery into
target cells.

The NIS-expressing cells via absorbing p-emitting radio-
isotopes like 311 and '"*8Re induce cell death [3, 6]. The radi-
opharmaceutical '*'I, a theranostic agent emitting both 90%
beta and 10% gamma particles, destroys target cells through
direct and indirect mechanisms [7]. The potential destroy-
ing capability of '3!I in the direct route imposes through
cell proliferation inhibition, increasing apoptosis by down-
regulation of the BCL2 gene and inducing cell cycle arrest.
Moreover, bystander or non-targeted effects is an indirect
way that drives cell death via B-particulate radiation that
occurs in the surrounding cells with path length penetration
of 2.4 mm in tissue [8—10]. Currently, '*' is mostly utilized
in thyroid malfunction as the high expression of NIS on the
thyroid gland. Studies have shown other tissue including the
mammary gland, the choroid plexus, the salivary gland, and
stomach parietal cells expressing significant levels of NIS
that can be used as a therapeutic target [11]. In this context,
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one of the early efforts was conducted by Spitzweg et al.
who showed that prostate cancer cells expressing NIS induce
cell death in androgen-sensitive human prostate adenocar-
cinomas after administration of '3'T [12]. Further, another
study found that the NIS protein plays a role in the accu-
mulation of ions in breast cancer metastatic sites [13]. As a
result, evaluating '>'I for the treatment of other cancers has
become more critical.

In this review, molecular events involved in the NIS-
mediated treatment of extra-thyroidal malignancies, NIS
regulatory mechanisms, and preclinical studies conducted
in this field will be discussed. In addition, novel strategies
like combinatorial therapeutic approaches to improve the
efficiency of NIS-mediated iodine therapy in extra-thyroidal
malignancies will be evaluated.

NIS functional characterization
and regulation

The human NIS (hNIS) gene, localized on chromosome
19p12-13.2 and containing 1929 nucleotides comprising
15 exons and 14 introns, encodes a 643-amino acid protein
with 13 transmembranes helix and molecular weight approx-
imately 90-100 kDa. Several sorting motifs actively partici-
pate in the regulation of NIS localization, but the underlying
molecular mechanisms remain poorly understood [2]. More-
over, post-translational modifications, including phospho-
rylation, glycosylation, and ubiquitination, have critically
affected NIS interactions, localization, and activity. Studies
have demonstrated three crucial N-linked glycosylation sites
in the NIS protein structure lead to maturation and acquisi-
tion of appropriate weight for the NIS migration. A survey
by Levy et al. showed NIS glycosylation has a critical role in
protein stabilization and folding and does not require correct
targeting of the protein on the plasma membrane. In addi-
tion, western blot analysis revealed the migration of NIS
protein (at lower molecular weight) in other tissues was
affected due to incomplete glycosylation [14].

NIS protein regulates by both transcriptional (epigenetic)
and post-translational mechanisms (subcellular localization)
[6]. Depending on the species and tissue context, differ-
ent regulatory elements act on the NIS gene with varying
degrees of enhancer and promoter activities to modulate
the transcription of NIS. In addition, NIS gene is regulated
by three major epigenetic mechanisms, including DNA
methylation, histone modification, and nucleosome posi-
tioning [15]. For example, histone deacetylase inhibitors
(HDAC:), which are known to exert epigenetic control by
affecting non-histone proteins such as transcription factors
and molecular chaperones, regulate chromatin structure
and gene expression. In this context, Rathod et al. have well
demonstrated that the use of bHDACi together with 13
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significantly increases the expression of NIS and reduces
the survival of MCF-7 cells (Fig. 1) [16].

TSH and iodide are two essential factors that control NIS
expression and localization under physiological conditions
[17, 18]. In addition, thyroglobulin, protein—protein interac-
tions, through potassium voltage-gated channel subfamily
Q member 1 and potassium voltage-gated channel subfam-
ily H member 2 (KCNQI1-KCNH2) K* channel are other
mechanisms that are involved in the NIS regulation [4]. Sev-
eral studies have confirmed intracellular expression of NIS
in the thyroid and breast cancerous tissues [19]. In a study
Peyrottes et al. showed that the expression level of NIS in
thyroid and breast cancer is low and intracellular tracking
was correlated with non-specific signals. These discouraging
results allowed scientists to focus on NIS post-translational
regulation to increase the uptake of iodide in tumor cells
[20]. In addition, signaling pathways are shown to interfere
with the expression and regulation of NIS in human can-
cers. In this regard, Knostman and colleagues revealed acti-
vation of PI3K significantly increases the expression of NIS
in the MCF-7 cell line [21]. Furthermore, the MEK signal-
ing pathway regulates NIS expression in thyroidal and breast
tissue. Recently, Zhang et al. demonstrated MEK inhibition
linked to NIS lysosomal degradation [22]. Also, the role of
the MEK signaling pathway is highlighted in breast cancer
via NIS protein stability and oncogenic transformation.

Fig. 1 Molecular basis of breast
tissue-specific transcriptional
modulation of NIS. Pretreat-
ment with a histone deacetylase
(HDAC) inhibitor enhances
endogenous expression of

NIS, which is effective for 1
therapy in breast cancer models

Compact chromatin

NIS expression in extra-thyroidal
and therapeutic applications

As an essential iodide transporter for the biosynthesis of
thyroid hormone, NIS protein is distributed in some extra-
thyroidal organs, including salivary glands, renal tubules, the
stomach, the lactating breast, etc. Studies have found that the
NIS expression, regulation, function, subcellular localiza-
tion, and glycosylation at extra-thyroidal organs depend on
individual tissues and I™ requirement/content [23].

In many cases, NIS is involved in multiple functions,
including: (1) recycling and retaining as much I™ as pos-
sible, either from food, recycling of secondary metabolism,
or reabsorption from urine, thereby releasing I™ into the
blood and reaching the thyroid gland; (2) supply the fetus
and the newborn with I™ and (3) provides I”, which exerts an
antioxidant role by reducing the levels of ROS, and finally
ensure that [” exerts a potent antiviral and antimicrobial pro-
tective function when converting to hypoiodite (I07) [23]. In
addition, several advantages have been reported for the use
of NIS compared with other reporter genes, including the
human origin of NIS, no need for prior radiolabeling, which
reduces the corresponding costs, the possibility of using dif-
ferent imaging systems such as PET, SPECT, combination
of SPECT or PET with computerized tomography (CT)
to provide anatomical information about cells expressing
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NIS, and improvement of detection sensitivity due to signal
amplification by the accumulation of intracellular substrate.
As mentioned previously, the NIS protein is expressed
in the normal breast tissues during pregnancy and lacta-
tion. Studies have shown treatment of nonlactating mice
with oxytocin alone, consequently increased levels of NIS
expression and accumulation of radioiodide [19]. Interest-
ingly, tumor expression of NIS has been detected in animal
models of breast cancer as well as in human samples. Analy-
sis of human breast cancer by Tazebay et al. well-showed
the NIS was expressed at more than 80% of samples when
compared with normal nonlactating breast tissue [19]. Imag-
ing studies with various substrates have opened an exciting
chapter in the use of NIS as a theranostic tool in endog-
enous NIS-expressing tumors [13]. In contrast, NIS is not
always localized on the surface of the cell membrane, which
may explain the discrepancy between those breast tumors
expressing NIS and those absorbing radioiodide. Therefore,
comprehensive clinical trials are needed to characterize the
results of radioiodide therapy in metastatic breast cancer.

However, a recent study in cancer and metastasis has con-
firmed the oncogenic effects of intracellularly retained NIS
via its interaction with leukaemia-associated RhoA-guanine
exchange factor (LARG) through the PI3K/AKT/mTOR
pathway. This metastatic property could recruit intracellular
NIS toward the plasma membrane, making tumors amena-
ble to 31 radiotherapy, which has the additional beneficial
effect of slowing tumor progression [48, 49].

The results of in vitro experiments illustrated that all-
trans retinoic acid (atRA) alone or in combination with
hydrocortisone, adenosine triphosphate (ATP), or dexa-
methasone triggered the expression of NIS in the MCF-7
cell line. Furthermore, in vivo experiments confirmed that
atRA significantly increased radioiodide accumulation in
NIS-mediated pathways compared to controls [6, 50-54].
In addition to the expression of endogenous NIS, experimen-
tal observations have also confirmed that transferring the
hNIS gene to non-thyroid tumor cells would induce iodide
accumulation. These results propose that exogenous hNIS
expression in tissues of interest may play an essential role in
noninvasive real-time molecular imaging using the intracel-
lular accumulation of gamma-emitting radioisotopes such
as ("2L, 1, 121, and '), P™TcO4-, '38Re, and 2''At at
site-specific gene expression.

One of the limitations of serial hNIS imaging is the like-
lihood that the radiotracer will be taken up by both malig-
nant and normal tissue, as the hNIS protein is widely dis-
tributed in normal tissue, which may result in decreased
accumulation of the radiotracer in the target structures of
interest. Furthermore, the unfavorable biodistribution and
accumulation of iodide in the thyroid gland is another dis-
advantage that must be considered. In treating extrathyroi-
dal cancers, administration of THs to lower TSH levels is
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helpful to protect the thyroid gland from unwanted radia-
tion. This strategy can be used both in treating cancers
that endogenously express NIS (e.g., breast cancer) and in
treating cancers induced to express NIS by gene transfer
exogenously [55]. In addition, the administration of contrast
media during radiological examinations is another way to
notably reduce the uptake of radioiodide by NIS -transduced
cells. Also, according to Dupertuis et al., potassium iodide
administered 24-48 h before treatment suppressed thyroid
iodide uptake after administration of a radiolabeled iodine
analog [56].

Approaches to NIS gene delivery; focusing
on '3l combination therapies

Over the past two decades, NIS has attracted more attention
in the application and optimization of gene therapy due to
its dual role as a reporter and therapeutic gene. In 1997,
Shimura et al., who developed a stable Tc-rNIS cell line
expressing NIS, showed that subcutaneous injection of Tc-
rNIS induces I” accumulation and can be followed by the
administration of %I [57]. For the first time, this study sug-
gested that NIS can be introduced as a theranostic agent. NIS
has become the counterpart for research on human cancers,
which have been extensively used in cells and other organ-
isms (Table 1). The main areas of NIS-based gene transfer
are reviewed, including (a) replicative-defective viral vec-
tors/oncolytic virus-mediated gene therapy, (b) stem cell
trafficking, and (c) regenerative medicine (Fig. 2) [58].

NIS-expressing viruses approach

In cancer therapy, viral vectors are considered one of the
most promising tools that allow the insertion of therapeu-
tic genes. NIS is one of the most amazing genes because,
according to the translation, it increases the accumulation
of theranostic radioisotopes for imaging and therapeutic
purposes.

In this context, Trujillo et al. investigated the efficacy
of an hNIS-expressing adenovirus (Ad5SPB_ RSV-NIS) in
a prostate cancer model. Interestingly, the result showed
administration of 1 mCi of 3'I along with Ad5PB_RSV-
NIS, slowed the rates of tumor progression and increased
survival through the accumulation of radioiodine into the
tumor cells [34]. In addition, a study by Oneal and col-
leagues found that the administration of two novel condition-
ally replicating adenoviral vectors in combination with '*'I
specifically induced radioisotope uptake, cytopathic effects,
and viral replication in an in vitro and in vivo prostate cancer
model [59].
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Fig.2 Schematic representation of pathways involved in apoptosis
of tumor cells treated with '3'I. Viral and non-viral vectors coupled
with sodium iodide (Na*/I") symporter increase the expression of
NIS (A), and the level of NIS expression determined by SPECT—CT

Oncolytic viruses are another platform increasingly used
in cancer therapy trials because they can preferentially infect
and kill tumor cells [60]. These viruses are divided into two
main groups: (1) naturally oncolytic viruses, which have
an innate ability to infect and kill tumor cells like Newcas-
tle disease virus, and (2) genetically engineered oncolytic
viruses, which have been genetically engineered to replicate
and destroy cancer cells such as vaccinia, Herpes simplex,
adenovirus and measles virus. Oncolytic viruses typically
induce antitumor responses through two distinct strate-
gies, including direct lysis of cancer cells after induction
of immunogenic cell death, the release of tumor-associated

@ Springer

. 13II

imaging after %I injection (B), then tumor cells are irradiated with
131-iodine, iodine irradiation causes the release of reactive oxygen
species (ROS) and induces apoptosis (C)

antigens (TAAs), damage-associated molecular patterns,
pathogen-associated molecular patterns, and subsequently
activation and recruitment of an additive immune response
to the tumor microenvironment [61].

Increasing the sensitivity of tumor cells to ionizing radia-
tion or chemotherapy, inducing immunogenic cell death,
selective replication in tumor cells, and the ability to infect
resistant tumor cells are some of the main advantages of onco-
lytic viruses. However, some issues that need to be considered
in virotherapy include variability in preclinical and clinical
response, limited ability to transduce tumors, and limited
distribution within the solid tumor due to physical properties
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[62]. Further, virus immunogenicity must also be optimized to
modulate the organism's immune response to be able to repli-
cate and spread. To address these issues, the trajectory of viral
particles, the number of infected cells, and the duration and
spread of viral infection must be effectively monitored [63].
Functional expression of NIS correlates with the longevity of
viral replication and allows tracking of radioisotope uptake
during the viral infection cycle in the tumor. After infection
of the target cells, the NIS gene is translated and the protein
is translocated to the plasma membrane, allowing the detec-
tion of the accumulated radiotracer. At the peak of virus rep-
lication, radiotracer absorption reaches its maximum. Finally,
cell lysis releases new viral particles, causing the infection to
spread and NIS to be expressed in neighboring cells.

The first experiments were performed by Peerlinck and col-
leagues, which demonstrated that the radiotracer accumulation
was positively correlated with cell viability in mice with colo-
rectal carcinoma. Confirmation of the results by nanoSPECT/
CT and immunohistochemistry (IHC) revealed accumulation
of 31 in the first 48 h after infection. Thereafter, I accumula-
tion decreased, NIS could no longer be detected at the plasma
membrane, and the cells began to die [64]. In addition, the effi-
cacy of intravenous administration of Ad5/3-hTERT-hNIS (the
hTERT promoter controls an oncolytic adenovirus) in com-
bination with *'T was investigated. SPECT Analysis showed
that Ad5/3-hTERT-hNIS significantly prolonged survival in
a prostate cancer model compared with mock or radioiodine-
only groups [65].

The remission of metastatic cancer is another critical aspect
that needs to be considered in new therapies. To address this
issue, systemic delivery of oncolytic viruses encoding NIS has
been developed to enable imaging and treatment of metastatic
lesions and detection of positive surgical margins after tumor
resection [66]. Recently, Naik et al. evaluated intravenous
administration of VSV-IFNp- NIS, a novel recombinant onco-
lytic vesicular stomatitis virus expressing NIS and interferon
B, in spontaneous canine cancer. The results showed that VSV-
IFNB- NIS is well tolerated and safe in treating advanced or
metastatic disease [67]. In addition, oncolytic measles viruses
expressing NIS (MV-NIS) have been successfully used as an
effective theranostic modality in various cancers. Considering
this perspective, Russell et al. reported an impressive response
to intravenous infusion of MV-NIS for the treatment of two
measles seronegative patients suffering from relapsed drug-
refractory myeloma [66].

NIS gene delivery by non-viral delivery
systems

A critical step in the clinical implementation of NIS gene
therapy is the development and evaluation of effective, safe,
and highly efficacious delivery systems not only after local

but also after systemic vector application. In addition to the
ability to monitor and target primary tumors, the ability
to target tumor metastases is another crucial aspect to be
addressed by improved targeted delivery methods. Synthetic
polyplexes and mesenchymal stem cells are two promising
non-viral platforms that are currently being investigated and
have the potential for clinical application.

Polyplex-mediated NIS gene delivery

Synthetic vectors, as a promising delivery method inspired
by viral biology, cover some of the current limitations of
viral vectors, such as immunogenicity, difficulties in syn-
thesis and upscaling, and limited nucleic acid transport.
Recently, several generations of synthetic polycationic pol-
ymers have been investigated by Munich researchers at the
LMU as delivery systems for systemic gene delivery medi-
cine NIS [68]. Linear polyethylenimine (LPEI), a polyca-
tionic polymer, is a "gold standard" for synthetic gene deliv-
ery systems with improved targeting and higher efficiency
through the incorporation of polyethylene glycol (PEG) and
targeting ligands. PEG cover reduces self-aggregation by
lowering the positive surface charge and provides prolonged
blood circulation by evading immune recognition. Moreover,
this positive surface charge has been shown to lead to high
intrinsic tumor affinity. Furthermore, due to its biodegrada-
bility, no toxic side effects have been reported [69]. Up to
now, several studies have evaluated tumor selectivity, biodis-
tribution, transduction efficiency, and duration of transgene
expression of these polyplexes after systemic administration
using NIS-based imaging.

In a study, Urnauer and coworkers investigated the recep-
tor specificity, transduction efficiency, and therapeutic effi-
cacy of polymers composed of PEG and cationic amide
nuclei complexed with NIS-DNA targeting sequence-defined
cMET/HGEFR (a dual-targeting approach) in a hepatocel-
lular cancer model. Results showed that three cycles of
polyplexes (cMBP2-PEG-Stp/NIS) and '*'I resulted in high
tumor-selective iodide accumulation and significant tumor
growth delay and prolonged survival [70]. Effective control
of metastases has become an important issue in novel can-
cer therapy, as they are one of the main causes of disease
recurrence and patient death. Liver metastases are one of the
major challenges in advanced colorectal cancer, of which
less than 5% are cured. Urnauer et al. designed and stud-
ied a novel polymer containing polyethylenimine, PEG, the
epidermal growth factor receptor (EGFR) targeting GE11
complexed with NIS (LPEI-PEG -GE11/NIS) in liver metas-
tases from colorectal cancer. Analysis of PET confirmed that
administration of three cycles of intravenous LPEI-PEG-
GE11/NIS together with 55.5 MBq '*' significantly slowed
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the spread of liver metastases and was associated with ani-
mal survival [41].

Nonviral MSCs- NIS gene transfer

Mesenchymal stem cells (MSCs) are a diverse subset of
multipotent progenitor cells that are characterized by a panel
of specific cell surface antigens and play a fundamental role
in tissue regeneration [71]. The high potential of MSCs to
migrate to the site of various tumor types (in vivo) makes
them a useful vehicle for the targeted delivery of therapeutic
agents in different cancer types. Currently, MSCs expressing
NIS have emerged as a platform for the selective delivery of
radionuclides for better visualization and effective treatment
of metastases [72].

Dwyer et al. investigated the application of MSC-NIS
along with intraperitoneal injection of *'I for breast cancer
imaging and therapy. Promising data support the feasibility
of this approach as a novel therapy for breast cancer [38].
In addition, a study showed that mice transduced with the
MSC-NIS/poly-L-lactic acid (PLLA) complex had higher
iodide uptake than MSC-NIS, which was associated with
the long-term survival of the mice [73].

External beam radiotherapy (EBRT) was shown to
enhance the recruitment of NIS-expressing MSCs into
human hepatocellular carcinoma (HuH?7). Moreover, the
expression of the cytokine TGFf was strongly upregulated
in HuH7 tumors after EBRT irradiation. Schug et al. inves-
tigated the combination of MSC-based NIS -mediated '3'I
therapy under the control of a synthetic TGFB 1-inducible
small mothers against decapentaplegic (SMAD)-responsive
promoter (SMAD-NIS-MSCs) and 5 Gy focused EBRT,
resulting in growth delay up to complete tumor remission
and longer survival compared with CMV-NIS-MSCs treated
mice [29]. In another study, the human HSP70B promoter
was selected as a candidate gene promoter for MSC-medi-
ated NIS gene therapy (HSP70B-NIS-MSCs). The results
showed that the combination of HSP70B-NIS-MSC-medi-
ated 3'T with hyperthermia resulted in a significant reduc-
tion in tumor growth and prolonged survival of the animals
[5].

Early growth response proteinl (Egrl) is a zinc finger
transcription factor that regulates cell growth and differen-
tiation. Egrl expression is induced in the presence of 'L
Recently, Zhang et al. constructed MSCs from bone mar-
row bearing both ultrasmall gold nanoclusters (AuNCs) (to
improve the efficacy of radiotherapy) and hNIS under the
Egrl promoter. Based on an in vivo result, the combina-
tion of BMSC-Egr1-hNIS 4+ AuNCs with '*'I reduced tumor
volume by up to 56%, compared with the BMSC-Egr1-hNIS
group alone (36%) [37].
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Challenges and supportive strategies

Despite the suitable physical properties of a-emitting radi-
oisotopes, it is not possible to use them routinely because
of their relative unavailability. Therapeutic p-emitting
radioiodide ('3'T) is the relevant radioisotope used in stud-
ies because of its unique ability as a therapeutic agent.
The effective translocation of NIS protein into the cell
membrane through the induction of membrane insertion of
the gene NIS leads to high performance of *'T-mediated
therapy for the destruction of solid tumors. Furthermore,
successful iodine therapy depends on '*'I retention in
tumor cells and the biological half-life of '3'I in the body.
While the uptake of radioiodide into the thyroid gland is
associated with organification and prolonged retention of
iodide in this tissue, long-term radiation exposure of nor-
mal thyroid cells results in induced hypothyroidism [74].

Another critical issue following the administration of '3'T
for extra-thyroidal cancer is the optimization of the appropri-
ate dose to avoid delivering a higher dosage of the radioiso-
tope to other tissues, particularly the thyroid gland [75]. In
extra-thyroidal tumors, iodide is not efficiently incorporated
into proteins, resulting in shorter iodide retention, unlike in
the thyroid glands. The longer retention time of radioiodine
in tumor cells increases the duration of radiation exposure
within the cell. The retention time of radioiodide in serum
is almost three times longer in human extrathyroidal tumors
than in rodents, which resulted in a higher radiation dose of
1T in humans with NIS -expressing tumors [76, 77]. How-
ever, it may be possible to enhance the biological effect of
31T by inhibiting the repair of DNA double-strand breaks
(DSBs), which are considered the most lethal form of DNA
damage [78]. This could potentially address some of the
limitations of '*'I therapy in the treatment of NIS-transduced
extra-thyroidal cancer. Moreover, in exogenously NIS-trans-
duced tumor tissue after thyroid sequestration, radioiodide
absorption in thyroid tissue may be reduced, which in turn
leads to a high therapeutic effect of radioiodide in the target
tumor cell.

Although no evidence has yet been provided for the
common use of external iodide to suppress NIS func-
tion in the normal thyroid, pretreatment supplementation
KI appears to be a more pragmatic solution for blocking
iodide uptake in the thyroid gland for NIS-mediated '*'I
therapy in extra-thyroidal cancer [13].

Another problem with the empirical activity strategy is
the fact that the influence of radioiodine function does not
depend directly on the absorbed dose, but depends on vari-
ous factors such as the homogeneity of radioiodine uptake
by the cells, the iodine deficiency of the body before treat-
ment and the TSH level, the excretion rate of radioiodine,
and finally the biology of the tumor.



Clinical and Translational Imaging (2023) 11:113-125

123

According to the preclinical studies mentioned in this
review, the inherent ability of viral vectors to insert their
genetic material into host cells has led them to receive spe-
cial attention, as have adenoviral vectors for NIS-mediated
131 therapy. However, cancer gene therapy with non-rep-
licating adenoviral vectors, based on initial clinical trials,
has its limitations. These include high potency immuno-
genicity, deprivation of non-transduced tumor cells from
the therapeutic effects of the vectors, and high incidence
of leukemia due to uncontrolled insertion of DNA into the
host genome [29].

The use of HSP70B-NIS-MSCs has worked well in
most animal studies, including Mariella Tutter's group.
However, in some animal studies, the effect was lower due
to the less homogeneous response of tumors to hyperther-
mia. Although this problem is less addressed in clinical
studies, as hybrid magnetic resonance therapy with high-
intensity focused ultrasound is now used for hyperthermia
therapy of tumors. In addition to effective radioiodine ther-
apy through NIS transgenes in non-viral delivery methods
such as genetically modified MSCs in the treatment of
breast cancer or extracellular vesicles in preclinical hepa-
tocellular carcinoma [13], MSCs have also been shown to
trigger or amplify tumors, as demonstrated by a number of
studies with ovarian [79], melanoma [80], breast [81], and
other tumor cells. In this regard, engineering and adminis-
tration of immune cells could be an alternative to reduce
unwanted side effects of MSCs.

Conclusion

The application of NIS-mediated radionuclide therapy
is a rapidly developing field that has shown promising
results in extra-thyroidal tissues. Currently, a variety of
systemic NIS transfer methods are being investigated in
preclinical studies, including viral vectors, engineered
MSCs, and polyplex-mediated NIS. NIS as a theranostic
gene facilitates spatial and temporal noninvasive imaging,
dose optimization, and interpretation following therapeutic
radionuclide application. Even though iodide accumula-
tion and retention are constant arguments against effective
NIS gene delivery, studies have shown that this level is
sufficient to elicit significant antitumor responses. The lev-
els of exogenous expression of NIS by different platforms
in the quiescent and/or hypoxic tumor microenvironment
is another aspect that needs to be thoroughly investigated
in preclinical experiments. Meanwhile, non-invasive imag-
ing techniques such as PET and SPECT have provided a
high-resolution and highly sensitive tool to optimize thera-
peutic regimens.
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